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Although aspects of forest ecophysiology and forest environments have received considerable
attention from research scientists in the last three decades, assessment of implications for meeting the
climate targets and international agreements is still a matter of debate. The goal of limiting the increase in
global temperature gives forests a prominent role, mainly because they can be significant carbon sinks,
capable of removing carbon dioxide from the atmosphere. However, in addition to serving as carbon sinks,
forest plants suffer from the negative impacts of climate change. These negative impacts include chronic
stress (e.g., drought stress), acute responses to strengthened disturbance events (e.g., windstorms), and
long-term ecological processes (e.g., species shifts). Detecting how the intensification of disturbances and
stresses will affect the trajectory of plant vulnerability and adaptive capacity to stress is a major scientific
challenge, because forests provide a number of ecosystem services.

The impact of disturbances may exceed a threshold that defines undesirable effects on ecosystem
processes and services. Understanding the mechanisms of resilience and tipping points in forest
environments would guide better climate-smart management practices. This Special Issue explores
recent advances in research on relationships between plant traits and the environment in forest ecosystems,
as well as physiological thresholds associated with ecological changes.

Ecophysiological measurements are needed to reveal both subtle changes and abrupt deviations
at appropriate spatial and temporal scales. Nevertheless, comparing static trait correlations does not
provide sufficient information on the functional and structural acclimation potential of individual leaves to
rapidly changing environmental conditions: this acclimation is especially notable for light, as Deguchi and
Koyama observed in their experiment [1]. However, light affects the dynamics (i.e., production, growth,
and death) of organs that, in turn, influence the crown environment. Variation in the light environment
within the crown of tree saplings was shown to be affected by the redeployment of shoots and leaves by
Koyama et al. [2], with differences between fast- and slow-growing species because of their distinct crown
dynamics. These species differences can result in pronounced differences in plant carbon gain. Differences
in carbon pools and fluxes were investigated by Diao et al. [3], in pure conifers vs. mixed broadleaves,
through continuous monitoring of CO2 isotopes in situ. Not just the tree species (or forest type) but also
the tree size mattered. Indeed, growing from seedlings in the understory to adult trees in the canopy layer
required acclimation to different light environments along the way. This was illustrated by Deng et al. [4],
who investigated leaf morphological and physiological traits across a vertical ambient light and tree height
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gradient in a tropical seasonal rainforest, highlighting the role of leaf functional traits in the adaptation to
changing conditions during plant ontogeny.

In Mediterranean environments, water availability is the most important driver limiting tree growth
and plant health. Szymczak et al. [5] used electronic dendrometers to analyze the responses of two native
pine species to drought and precipitation events, observing different adaptation strategies to deal with
the Mediterranean precipitation regime. Plants have developed different adaptation strategies to cope
with abiotic stresses, and the response mechanism is regulated by multiple signaling pathways. Han
et al. [6] examined transcription factors and their role in the interaction of these signaling pathways,
particularly in response to cold and salt stress. Among functional traits, wood density is directly associated
with mechanical support, carbon and nutrient storage, drought tolerance, water transport, and pathogen
defense. Nelson et al. [7] tested whether canopy structure, climatic niche, geofloristic history, and habitat
specialization related to wood density variation among members of a regional woody plant community
in Mediterranean climatic conditions; their findings challenge classic assumptions about the adaptive
significance of high wood density as a drought tolerance trait.

Increasing nitrogen deposition adds to warming temperature as a major driver, affecting the carbon
sequestration potential, productivity, and water-use efficiency of forests. Giammarchi et al. [8] reported
on long-term, manipulative experiments to improve the understanding of the carbon sequestration and
mitigation ability of forests in response to increased nitrogen deposition. Atmospheric pollution (e.g.,
nitrogen oxides) adds to warming temperature in affecting plant metabolism and growth, the consequence
being negative above certain thresholds. Wang et al. [9] fumigated leaves of an important agroforestry
tree with nitrogen oxides and assessed the impact on nitrogen metabolism and photosynthetic efficiency,
concluding that at a low concentration of fumigant, nitrogen oxides can be absorbed by leaves, protecting
the photosynthetic apparatus and reducing the haze effect.

Regardless of environmental stress, forests are expected to deliver a number of functions and services,
and mixed forests are considered more resistant to disturbances than pure stands. Russo et al. [10] found
that mixed conifer and broadleaf forest stands had higher stand productivity and improved wood quality
in comparison with corresponding monocultures, in a Mediterranean setting. In agroforestry systems,
in addition to environmental disturbance, autotoxicity may strongly affect natural regeneration. Huang
et al. [11] conducted an experiment on seedling growth, with different concentration gradients, using
associated aqueous litter extracts, and concluded that autotoxicity inhibited seedling growth and natural
regeneration of the studied tree species.

Warmer and drier environmental conditions will also affect future boreal and mountain forests, with an
impact on photosynthetic rate and plant productivity. Ruiz-Pérez et al. [12] applied a mechanistic model
of energy and mass transfer in the soil–plant–atmosphere continuum to explore the role of plant traits
and projected environmental conditions on leaf temperature and photosynthetic rate, suggesting that trait
selection should consider specifically the warmest period within the growing season. Understanding the
responses of mature trees to global change is fundamental for predicting the potential or limitation of
forest productivity. Liu et al. [13] used elevation gradients as proxy for changes in environmental factors
to test whether the responses of carbon assimilation and nutrient allocation to environmental changes
vary with tree ontogeny and leaf habit, noticing that young trees perform similarly to adult individuals.
Stable isotope techniques provide insights into plant responses to environmental factors, notably leaf gas
exchange and water use efficiency, though variation during plant development stages warrants further
investigation. Li et al. [14] tested whether the δ13C and δ15N signature changed with leaf or tree age in
a mountain conifer and identified that leaf age compared to tree age plays a dominant role, with leaf
nitrogen concentration also being an important determinant.

The effect of disturbance on reproductive biology is particularly critical for endangered plant species
with small population size and low genetic diversity. Zhang et al. [15] conducted field fixed-point
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observations and laboratory experiments to study the reproductive system and seed germination of an
endangered plant species with an extremely small population, in a tropical setting, concluding that this
population can be expanded through indoor seedling breeding for salinity resistance.

This Special Issue comprises a selection of papers reporting recent advances in research on
relationships between plant functions and the environment. Natural settings, manipulated environments,
and modeling exercises have been used to investigate abrupt deviations from the normal mode at diverse
spatial and temporal scales. These reports offer insights into ecological dynamics and physiological
responses to climatic perturbations and are useful to assess threshold-type relationships for tree decline
and forest dieback, as well as to monitor consequences associated with ecological change. Integrating
research results into innovative monitoring and decision-making may help forest managers to face climate
change. We would like to thank all the authors and the reviewers of the papers published in this Special
Issue for their great contributions and efforts. We are also grateful to the editorial board members and to
the staff of the journal for their kind support in the preparation of this Special Issue.

Funding: R.T. and J.D.M. were supported by the Progetto bilaterale di Grande Rilevanza Italy-Sweden “Natural hazards
in future forests: how to inform climate change adaptation” (MAECI) and the COST (European Cooperation in Science
and Technology) Action CA15226 (Climate-Smart Forestry in Mountain Regions—CLIMO). J.D.M. was supported in
part by the Knut and Alice Wallenberg Foundation (#2015.0047).

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Photosynthetic and Morphological Acclimation to
High and Low Light Environments in
Petasites japonicus subsp. giganteus

Ray Deguchi and Kohei Koyama *
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Veterinary Medicine, Inada-cho, Obihiro, Hokkaido 080-8555, Japan
* Correspondence: koyama@obihiro.ac.jp
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Abstract: Within each species, leaf traits such as light-saturated photosynthetic rate or dark respiration
rate acclimate to local light environment. Comparing only static physiological traits, however, may
not be sufficient to evaluate the effects of such acclimation in the shade because the light environment
changes diurnally. We investigated leaf photosynthetic and morphological acclimation for a perennial
herb, butterbur (Petasites japonicus (Siebold et Zucc.) Maxim. subsp. giganteus (G.Nicholson) Kitam.)
(Asteraceae), in both a well-lit clearing and a shaded understory of a temperate forest. Diurnal changes
in light intensity incident on the leaves were also measured on a sunny day and an overcast day.
Leaves in the clearing were more folded and upright, whereas leaves in the understory were flatter.
Leaf mass per area (LMA) was approximately twofold higher in the clearing than in the understory,
while light-saturated photosynthetic rate and dark respiration rate per unit mass of leaf were similar
between the sites. Consequently, both light-saturated photosynthetic rate and dark respiration rate per
unit area of leaf were approximately twofold higher in the clearing than in the understory, consistent
with previous studies on different species. Using this experimental dataset, we performed a simulation
in which sun and shade leaves were hypothetically exchanged to investigate whether such plasticity
increased carbon gain at each local environment. As expected, in the clearing, the locally acclimated
sun leaves gained more carbon than the hypothetically transferred shade leaves. By contrast, in the
understory, the daily net carbon gain was similar between the simulated sun and shade leaves on
the sunny day due to the frequent sunflecks. Lower LMA and lower photosynthetic capacity in the
understory reduced leaf construction cost per area rather than maximizing net daily carbon gain.
These results indicate that information on static photosynthetic parameters may not be sufficient to
evaluate shade acclimation in forest understories.

Keywords: phenotypic plasticity; shade tolerance; shade acclimation; light acclimation; light regime;
sunfleck; leaf thickness; leaf angle; leaf three-dimensional structure

1. Introduction

In forests, individual plants from a single species often experience various light environments, from
well-lit clearings or large gaps to shaded understories [1–4]. For plants, as sessile organisms, phenotypic
plasticity is essential for survival in such heterogeneous environments [3,5–8]. This phenotypic plasticity
and the consequent intraspecific variation also greatly influence community-level plant traits and
productivity [9–15], highlighting the importance of the quantification of phenotypic plasticity of plant
traits under different light environments.

In shaded understories, maximizing net carbon gain [3,6,16–18] and maximizing stress
tolerance [19–22] are two major determinants of plant survival [18,23]. For maximizing net
photosynthetic carbon gain, acclimation of leaf physiological traits [24,25] and biomass allocation

Forests 2020, 11, 1365; doi:10.3390/f11121365 www.mdpi.com/journal/forests5
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patterns [18,24,25] are both important strategies. Within a species, plants grown in shaded places
have leaves with a lower light-saturated photosynthetic rate [1–7,15,18–20,26–31] and a lower dark
respiration rate [1–7,18], have thinner leaves with a lower leaf mass per unit area associated with
their lower biomass investment per unit area [4,15,18–20,27–29,32–34], and have a higher leaf mass
ratio (i.e., leaf mass relative to whole-plant mass) [5,18,25,28] than plants grown in well-lit places.
Analogous leaf acclimation to different light environments has also been reported for sunlit and shaded
leaves within a single canopy or within a single plant [26,29,34–47]. A low dark respiration rate of
a shade leaf leads to a lower photosynthetic light compensation point (LCP) [3,5,6,17,18,24,30,48].
It has been frequently suggested that the net daily carbon gain would increase by lowering the LCP in
the shade [3,17,24]. Such a simple consideration, however, has limitations because it only evaluates
static photosynthetic parameters. In the forest understory, light intensity changes diurnally due to the
diurnal elevation of the sun and fluctuates dynamically due to sunflecks [2,49–60]. A comparison of
only static photosynthetic parameters, such as light-saturated photosynthetic rates and dark respiration
rates, may therefore poorly reflect actual daily photosynthesis in field environments [42,51,56,61,62].
Given this, it has been questioned whether simple sun vs. shade acclimation can be understood based
on the steady-state photosynthetic rate [23,42]. Additionally, the results of laboratory experiments
under controlled low light environments [6,20] or those of field shading experiments using shade
cloths [19,30,33] may not provide an accurate estimate of carbon gain in the understory, because they
do not take into consideration sunflecks. To understand the effect of shade acclimation on daily net
carbon gain, therefore, the effects of sunflecks also should be considered.

Here, we investigated the shade acclimation of Petasites japonicus subsp. giganteus that naturally
grew in either well-lit or shaded places in a temperate forest. In a previous study on the same
species [32], the phenotypic plasticity of some leaf traits under different light environments was
reported. However, because the authors did not measure photosynthetic parameters and local light
intensity, they did not clarify whether such plasticity contributed to maximizing carbon gain under each
light environment. The objectives of this study, therefore, were (1) to quantify the photosynthetic and
morphological acclimation to different light environments for this species, and (2) to test whether leaf
physiological acclimation contributed to maximizing leaf-level carbon gain under diurnally changing
light environment due to sunflecks.

2. Materials and Methods

2.1. Study Species

Butterbur (Petasites japonicus (Siebold et Zucc.) Maxim. subsp. giganteus (G.Nicholson) Kitam.)
(Asteraceae) is a perennial herb distributed in Northeast Asia [63]. This species is found naturally in
environments of varying amounts of light, such as roadsides, well-lit forest gaps, and in shaded forest
understories. This species also is grown as a vegetable in eastern Asia, including Japan, Korea [64],
and Taiwan [65]. Large radical leaves (often reaching 1–2 m in height) elongate from an underground
shoot in this species (Figure 1a–c). Therefore, investigating the leaves is equivalent to investigating
the entire above-ground part (ramet) for this clonal species. These leaves are usually horizontally
arranged on the ground so as to prevent overtopping others, but small immature leaves that are not
fully expanded often exist below fully expanded leaves.

2.2. Study Site and Sampling

We performed the study at two sites in the same forest (clearing [C] and understory [U]), which
were approximately 100 m apart, in the Forest of Obihiro (Obihironomori) (42◦53′ N, 143◦09′ E, altitude:
86 m a.s.l.). This secondary forest comprises a mixture of planted and regenerated trees and is located
in Obihiro City in eastern Hokkaido in a cool-temperate region in Japan. The mean annual temperature
and precipitation at the Japan Meteorological Agency Obihiro Weather Station (6 km from the study site)
between 1998 and 2017 were 7.2 ◦C and 937 mm, respectively [66]. In the clearing site (approximately
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30 × 30 m), few trees were taller than the investigated leaves (Figure 2a). The understory site (Figure 2b)
(approximately 15 × 10 m) was located under a young birch forest (Betula platyphylla Sukaczev var.
japonica (Miq.) H.Hara; DBH: 17.5–25.1 cm), in which some walnut (Juglans mandshurica Maxim. var.
sachalinensis (Komatsu) Kitam.) grew as subcanopy trees. Within each plot, the investigated leaves
were selected along a transect. Although we found multiple separate patches of leaves at each site,
the number of genets was unknown. Therefore, the investigated leaves were selected as evenly as
possible along the entire length of each transect.

  
(a) (b) 

 
(c) 

Figure 1. The measured morphological parameters of the leaves of the butterburs (Petasites japonicus
(Siebold et Zucc.) Maxim. subsp. giganteus (G.Nicholson) Kitam.) investigated in this study. Leaves in
(a) the clearing and (b) the understory, in addition to (c) the measured leaf parameters, are shown. H:
The highest point on the leaf lamina. O: The point located at the opposite side of H on the lamina edge.
P: The point of attachment of the lamina to the petiole. G: The point of attachment of the petiole to the
ground. dhigh: The distance between H and P. hhigh: The vertical distance between H and P. dopp: the
distance between O and P. hopp: the vertical distance between O and P. pl: Above-ground petiole length
(the distance between P and G). α: Lamina openness angle. Photographs were taken in June 2020 by
Kohei Koyama.

  
(a) (b) 

Figure 2. The study sites, (a) the clearing and (b) the understory, in the Forest of Obihiro. Photographs
were taken on (a) June 28 and (b) 3 July 2020 by Kohei Koyama.
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In June 2020, we marked 62 leaves (32 from plants in the clearing and 30 from plants in the
understory). Leaf three-dimensional structure was measured using measuring tapes on 24–25 June
2020, and the lamina openness angle [67,68] was calculated (Figure 1c). Photosynthetic light response
curves were measured for a total of 12 leaves (6 at each site) on 21, 22 and 24 June 2020 with a portable
photosynthesis system (LI-6400; LI-COR, Lincoln, NE, USA) equipped with an LED light source
(LI-6400-02B) (Figure 3a). Due to the amount of rainfall prior to the measurement days (June 18 (3 mm),
June 19 (7.5 mm), June 20 (4 mm), and June 23 (1 mm), data from [66]), the soil in the fields was wet
during the measurements. Measurements were taken in the morning (7:30–12:00) each day under
cloudy and humid conditions, and the environment inside the chamber showed favorable conditions
for photosynthesis: leaf temperature (measured by a thermocouple inside the chamber) ranged from
17.93 to 24.48 ◦C, and the vapor pressure deficit (VPD) based on leaf temperature was always less than
0.9 kPa. In the understory, we first induced the leaves by keeping incident photosynthetic photon flux
density (PPFD) on the leaf surface at 1000–1500 μmol m−2 s−1 until equilibration. This process was
omitted for most of the leaves in the clearing, which showed a very quick response under PPFD 2000
μmol m−2 s−1. Then, we progressively lowered the incident PPFD on the leaf surface (2000, 1500, 1000,
750, 500, 250, 125, 63, 32, and 0 μmol m−2 s−1). On each occasion of changing light intensity, we kept
the PPFD constant until the equilibration of the leaves. The CO2 concentration of the air entering the
leaf chamber was controlled at 400 ppm. All the data recorded by the LI-6400 (e.g., photosynthesis,
stomatal conductance, transpiration, humidity, temperature at each PPFD, etc.) are available in the
Supplementary Materials.

  
(a) (b) 

Figure 3. Measurements of (a) photosynthesis and (b) the diurnal course of incident light in the clearing
site. The two panels show the same leaf. The position on the leaf lamina, at which photosynthetic traits
and incident light were measured, was marked with a light-resistant ink pen (red box). In the cases
when that part of the lamina was inclined, the light sensor was inclined such that the lamina and the
top of the sensor were parallel to one another. Leaf mass per area (LMA) was subsequently measured
by sampling the lamina part within the same red box. Photographs were taken on (a) June 21 and (b)
1 July 2020 by Kohei Koyama.

Net photosynthetic rate per unit area of each leaf (Pnet μmol m−2 s−1) was assumed to be expressed
by the non-rectangular hyperbola (NRH) [69]:

Pnet =
ΦI + Pg_max_area −

√
(ΦI + Pg_max_area)

2 − 4θΦIPg_max_area

2θ
−Rarea, (1)

where I (μmol m−2 s−1) indicates the incident PPFD for each leaf at each moment, and Pg_max_area

(μmol m−2 s−1) indicates the maximum gross photosynthetic rate when I approaches infinity. Φ (mol
CO2 mol−1 quanta) and θ (dimensionless) indicate the initial slope and the convexity, respectively.
Rarea (μmol m−2 s−1) indicates the dark respiration rate. These parameters were fitted for each leaf
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with the R function nls. Light compensation point (LCP) was calculated by solving the quadratic
form of NRH [68] for I on the condition that Pnet = 0 [70] using the software Maxima (Maxima project,
USA) [71]:

θ(Pnet + Rarea)
2 −
(
φI + Pg_max_area

)
(Pnet + Rarea) + φIPg_max_area = 0

Pnet = 0⇒ I ≡ LCP =
Rarea(Rareaθ−Pg_max_area)
(Rarea−Pg_max_area)Φ

(2)

2.3. Measurement of PPFD

2.3.1. Diurnal Course of Incident PPFD on the Leaves

We measured a time-series of incident PPFD on the selected leaves on two days: an overcast
day (June 24; clearing, n = 4; understory, n = 4) and a sunny day (July 3; clearing, n = 3; understory:
n = 4) in 2020. The sample size difference between these two days was due to a measurement failure
caused by an operational error. On the days between June 24 and July 3, PPFD data were not obtained
due to intermittent disruptions by rain. Those leaves were selected from the samples for which
photosynthetic light response curves were measured. PPFDs were measured for the same parts of
the leaves as for the photosynthetic parameters (the red box, Figure 3). For each target leaf, we set
one quantum sensor (MIJ-14PAR Type2/K2; Environmental Measurement Japan, Fukuoka, Japan) on
the pole. If the leaf part was inclined, the sensor was inclined to measure the incident PPFD on the
leaf surface (Figure 3b). Each sensor was connected to a voltage logger (LR5041; HIOKI, Ueda, Japan).
Voltage was recorded every 10 min for 24 h. These voltage values were transformed into PPFD using
sensor-specific coefficients.

2.3.2. Instantaneous Measurement of rPPFD

In addition to measuring the diurnal course of PPFD for the selected leaves, we measured
instantaneous PPFDs for all 62 leaves to estimate the light environment at the two sites.
The measurements were conducted around midday on an overcast day (20 June 2020). We used two
quantum sensors (MIJ-14PAR) and simultaneously measured the PPFD incident on each leaf and on
top of an approximately 2 m tripod placed at the open place. One sensor at the tripod was fixed
horizontally. The other was placed at a tip of a hand-held measuring bar [4,72] and was inclined for
each leaf to measure the PPFD at the bottom surface of the cone- or funnel-shaped leaf (Figure 4).
Each sensor was connected to a voltage logger (LR5041), and the voltages of the two sensors were
recorded simultaneously. We calculated the relative PPFD (rPPFD) as the ratio of the PPFD on each
leaf to the PPFD at the top of the tripod.

 
Figure 4. A schematic diagram of instantaneous relative photosynthetic photon flux density (rPPFD)
measurement with a hand-held measuring bar (illustration by Kohei Koyama).
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2.4. Leaf Thickness and LMA

On 4 and 7 July 2020, we sampled pieces (ca. 40 cm2) from the lamina edges of 41 leaves (clearing,
n = 20; understory, n = 21), measured their thickness with a digital caliper (CD-15PSX (resolution:
0.01 mm); Mitutoyo Corp, Kawasaki, Japan), and scanned them immediately after sampling with an A4
flatbed scanner (CanoScan LiDE 220; Canon, Tokyo, Japan). These samples included all 12 leaves for
which photosynthetic rates were measured, and the lamina samples were taken at the same positions
on the leaves as the photosynthetic measurements (Figure 3). The lamina parts were selected to avoid
the thickest leaf veins. The laminae were then oven-dried at 70 ◦C for at least one week, and their
dry mass was measured with a precision balance. The projected area of each piece of lamina was
measured with the Image J software (NIH, Bethesda, MD, USA) [73]. We calculated leaf mass per area
(LMA, g m−2) as the ratio between the dry mass and the area of one side of each sampled piece of
lamina [74]. We calculated mass-based values by dividing the area-based values by the LMA of that
leaf [2].

2.5. Calculation of Daily Photosynthesis

We calculated the instantaneous net photosynthetic rate for each target leaf every 10 min for 24 h
using the estimated light response curves (Equation (1)) and the diurnal course of incident PPFD.
At night, the dark respiration rate (Rarea) was used as the nighttime respiration rate. By integrating
these, we calculated the daily net photosynthesis for each target leaf.

2.6. Simulation 1: Exchanged Leaves

We performed a simulation in which we hypothetically exchanged the photosynthetic light
response curves between the two sites. We expected that if the difference in the photosynthetic
traits between the sites was the acclimation to a local light environment, then the exchange of leaves
would reduce the daily net photosynthesis for both sites. For each understory leaf, we replaced the
photosynthetic light response parameters (Pg_max_area, Rarea, Φ, and θ in Equation (1)) with the mean
photosynthetic parameters obtained in the clearing and vice versa. Next, we calculated the daily net
photosynthesis for each hypothetical leaf by using the actual incident PPFD on each leaf. We also
calculated the critical PPFD for each understory leaf. This value was defined as the lowest PPFD,
such that if instantaneous PPFD exceeded that value, the net photosynthetic rate at that moment
would be higher for the hypothetically set clearing leaf than for the actual understory leaf in question.
This value was used to investigate how often PPFD exceeded this value due to sunflecks.

2.7. Simulation 2: Understory without Sunflecks

To evaluate the significance of sunflecks in the understory, we performed another simulation in
which sunflecks were hypothetically removed from the original dataset of the diurnal course of PPFD
on the sunny day (July 3). If PPFD at a given moment exceeded 200 μmol m−2 s−1, that PPFD value was
replaced by a fixed value of 200 μmol m−2 s−1. This value was approximately equal to the maximum
PPFD (199.72) observed in the understory on the overcast day (June 24). We also observed that the diel
cycle of PPFD in the understory did not exceed 200 μmol m−2 s−1 on the sunny day except during
sunflecks (see Results), so that the background diel cycle of PPFD was retained by this simulation.
We then calculated the daily net photosynthesis in the understory without sunflecks, either with (1)
actual understory leaves, or (2) the hypothetically set clearing leaf (described above).

2.8. Statistical Analysis

All statistical analyses were performed with the statistical software R v4.0.3 (Vienna, Austria) [75]
and packages (“cowplot” [76], “ggbeeswarm” [77], “ggplot2” [78], and “lme4” [79]). The results were
compared between sites by fitting generalized linear models (GLM) using the function glm (family
= Gamma (link = “log”)), except for the simulation results. The differences in the simulation results
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obtained under different scenarios were tested using a generalized linear mixed model (GLMM),
treating individual leaves (i.e., diurnal courses of PPFD on different leaves) as random intercepts,
and using the function glmer (family = Gamma (link = “log”)) [79], except in one case (simulated
clearing leaves in the understory on the overcast day), in which simulated net daily photosynthesis
values contained a negative value. For that case, a linear mixed model (LMM) was fit with the function
lmer [79]. In all cases, the significance of the fixed effect was tested using the likelihood ratio test with
the function anova (test = “Chisq”).

3. Results

3.1. Leaf Shape

The differences in the light environment were quantified by large differences in rPPFD and
daily light integral between the two sites (Table 1). Lamina openness angle was significantly larger
in the understory (U) than in the clearing (C) (p < 0.01, Table 1; Figure 5a,b), indicating that the
three-dimensional arrangement of leaf laminae was flatter in the understory (see photographs in
Figure 1a,b). Compared with the difference in shape, the difference in lamina size was relatively small:
dhigh was slightly larger in the understory than in the clearing (p = 0.025), and neither dopp (p = 0.37)
nor the petiole length (pl) (p = 0.28) significantly differed between the sites (Table 1; Figure 5c–e).

Table 1. Leaf traits in the clearing (C) and in the understory (U).

Symbol Definition Unit
Sample Size (n) Mean

(C)
Mean

(U)

Ratio
C/U

C vs. U
p-ValueC U

rPPFD - - 32 30 87.7% 10.8% 8.10 <0.01
α Lamina openness angle Degree (◦) 32 30 116.3 136.5 0.85 <0.01

dhigh Lamina length (high) cm 32 30 31.3 35.2 0.89 0.025
dopp Lamina length (opposite) cm 32 30 29.7 31.1 0.96 0.38 ns

pl Petiole length cm 32 30 55.1 57.7 0.95 0.28 ns
LMA Leaf mass per area g m−2 20 21 44.3 23.7 1.87 <0.01

- Leaf thickness mm 20 21 0.428 0.348 1.23 <0.01

Pnet_2000
Net photosynthetic rate at
PPFD = 2000 mol m−2 s−1 μmol m−2 s−1 6 6 23.2 11.3 2.04 <0.01

Pg_max_area
Maximum gross photosynthetic

rate per unit leaf area μmol m−2 s−1 6 6 27.2 12.6 2.16 <0.01

Rarea
Dark respiration rate per unit

leaf area μmol m−2 s−1 6 6 1.85 0.87 2.14 <0.01

Φ Initial slope mol CO2 mol−1 quanta 6 6 0.075 0.076 0.98 0.48 ns
θ Convexity - 6 6 0.562 0.600 0.94 0.49 ns

LCP Light compensation point μmol quanta m−2 s−1 6 6 25.7 11.8 2.18 <0.01

Pg_max_mass
Maximum gross photosynthetic

rate per unit leaf mass nmol g−1 s−1 6 6 545 523 1.04 0.72 ns

Rmass
Dark respiration rate per unit

leaf mass nmol g−1 s−1 6 6 37.1 36.7 1.01 0.97 ns

Iday
Daily light integral—sunny day

mol quanta m−2 day−1 3 4 45.7 5.96 7.67 <0.01
—overcast day 4 4 26.5 2.74 9.69 <0.01

Pn_day

Net daily photosynthesis per
area—sunny day mol m−2 day−1 3 4 0.745 0.145 5.14 <0.01

—overcast day 4 4 0.682 0.075 9.05 <0.01
Rday Daily respiration per area mol m−2 day−1 6 6 0.160 0.075 - 1 - 1

Pg_day

Gross daily photosynthesis per
area—sunny day mol m−2 day−1 3 4 0.906 0.237 3.83 <0.01

—overcast day 4 4 0.841 0.167 5.03 <0.01
1 Same values as Rarea.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5. (a–e) Leaf shape parameters in the understory (U) and in the clearing (C). Each closed circle
indicates one leaf (i.e., bee swarm plot).

3.2. Area-Based Photosynthetic Traits

The area-based net photosynthetic rate at PPFD = 2000 μmol m−2 s−1 (Pnet_2000), the maximum
gross photosynthetic rate (Pg_max_area), dark respiration rate (Rarea), and light compensation point (LCP)
were all significantly higher in the clearing than in the understory (p < 0.01) (Table 1; Figure 6a–d).
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Neither the initial slope (Φ) nor the convexity (θ) significantly differed between the sites (p = 0.48–0.49)
(Table 1; Figure 6e,f).

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6. (a–f) Area-based photosynthetic parameters of the sun leaves in the clearing (C) and the
shade leaves in the understory (U). Each closed circle indicates one leaf. LCP: light compensation point.
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3.3. LMA and Leaf Thickness

The mean LMA of the leaves in the clearing leaf was 1.87 times larger than that of the leaves in the
understory (p < 0.01) (Table 1; Figure 7a). Additionally, the mean leaf thickness was 1.23 times larger
than that of the leaves in the understory (p < 0.01) (Table 1; Figure 7b).

  
(a) (b) 

Figure 7. (a) Leaf mass per unit area (LMA) and (b) lamina thickness of the sun leaves in the clearing
(C) and the shade leaves in the understory (U). Each closed circle indicates one leaf. The thicknesses
were measured with a resolution of 0.01 mm.

3.4. Mass-Based Photosynthetic Traits

In contrast to the high plasticity in the area-based rates, no significant difference was found for
mass-based photosynthetic and respiration rates between the sites (p = 0.69–0.96) (Table 1; Figure 8a,b).

Figure 8. Mass-based (a) photosynthetic rates and (b) dark respiration rates of the sun leaves in the
clearing (C) and the shade leaves in the understory (U). Each closed circle indicates one leaf.

3.5. Diurnal Courses of PPFD

Figure 9 shows the diurnal courses of PPFD incident on the leaves. The estimated critical values
were 59–161 μmol m−2 s−1 (median: 111.5; these values were calculated for all the six understory leaves
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for which photosynthetic parameters were measured, and the diurnal course of PPFD was measured
for four of them, as shown in Figure 9b,d). On the sunny day in the understory, instantaneous PPFD
often exceeded the critical values due to sunflecks (Figure 9b).

  
(a) Clearing—Sunny day (b) Understory—Sunny day 

 

(c) Clearing—Overcast day (d) Understory—Overcast day 

Figure 9. Diurnal course of light intensity (PPFD) incident on each leaf at each site (the clearing and
understory) on a sunny day (3 July 2020) and on an overcast day (24 June 2020). (a) Clearing on the
sunny day, (b) understory on the sunny day, (c) clearing on the overcast day, and (d) understory on
the overcast day. Data for Leaf 1 on the panel (a) were not obtained owing to a measurement failure.
The red horizontal lines on the understory panels indicate the critical values of PPFD; if PPFD at one
moment exceeded that value, the instantaneous net photosynthetic rate would be higher for a typical
clearing leaf than for the understory leaf in question.

3.6. Daily Carbon Gain under Actual and Simulated Conditions

The obtained results differed between the two sites and between weather conditions (Table 2).
In the clearing, the simulated change from the actual clearing leaves into understory leaves greatly
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(>40%) reduced the daily net photosynthesis on both the sunny day (from A to B in Figure 10a; mean:
(A) 0.745 and (B) 0.430 mol m−2 day−1; A vs. B: p < 0.01) and on the overcast day (from A to B in
Figure 10b; (A) 0.682 and (B) 0.415 mol m−2 day−1; A vs. B: p < 0.01). This was because on both days,
the reduction in gross photosynthesis (from C into D in Figure 10a,b) was much larger in magnitude
than that of respiratory loss (from E into F in Figure 10a,b).

Table 2. Daily carbon exchange per unit area of leaf. The mean value for each item is shown.

Daily Carbon
Exchange

Simulation
Clearing (C) Understory (U)

Sunny Overcast Sunny Overcast

Daily net
photosynthesis

(mol m−2 day−1)
Sample size n = 3 n = 4 n = 4 n = 4

Actual leaves 0.745 0.682 0.145 0.075
Exchanged leaves
(between C and U) 0.430 0.415 0.138 0.024

Without sunflecks
(actual leaves) - 0.134 -

Without sunflecks
(exchanged leaves) - 0.106 -

Daily gross
photosynthesis

(mol m−2 day−1)
Sample size n = 3 n = 4 n = 4 n = 4

Actual leaves 0.906 0.803 0.237 0.167
Exchanged leaves 0.505 0.471 0.298 0.184

Daily respiration
(mol m−2 day−1) Sample size 1 n = 6 n = 6

Actual leaves 0.160 0.075
Exchanged leaves 0.075 0.160

1 Daily leaf respiration rates were calculated for all the 12 leaves (6 in each site) for which dark respiration rates were
measured, and the mean value at each site is shown in Table 2 and used in the leaf-exchange simulation. The same
daily respiration rates were used for the two days. Among these 12 leaves, daily net- and gross-photosynthetic rates
were measured or simulated for seven or eight selected leaves.

  
(a) (b) 

Figure 10. Daily carbon exchange per unit area of leaf in the clearing on (a) a sunny day (3 July 2020)
and (b) an overcast day (24 June 2020). Results of the same leaf simulated in different scenarios appear
in the same color. A: Estimated actual net photosynthesis. B: Simulated net photosynthesis when the
photosynthetic parameters were hypothetically changed to those of the understory. C: Estimated actual
gross photosynthesis. D: Simulated gross photosynthesis when the photosynthetic parameters were
hypothetically changed to those of the understory. E: Estimated actual daily respiration. F: Simulated
daily respiration when the leaves were changed to the understory leaves. In simulation F, all three or
four leaves were assumed to have the same respiration rate as the mean value of the understory leaves.

16



Forests 2020, 11, 1365

By contrast, in the understory, the simulated change from actual understory leaves to the clearing
leaves did not greatly reduce the daily net carbon gain on the sunny day (Table 2; from A to B, Figure 11a;
(A) 0.145 and (B) 0.138 mol m−2 day−1; A vs. B: p = 0.082). This is because on the sunny day, during
which frequent sunflecks were observed (Figure 9b), the increment of gross daily photosynthesis (from
C into D in Figure 11a) had approximately the same magnitude as the increment of respiratory loss
(from E to F in Figure 11a). Those two effects offset each other. On the overcast day, during which few
sunflecks were observed (Figure 9d), the simulated change from the actual understory leaves to the
clearing leaves reduced the daily net photosynthesis (from A to B, Figure 11b; mean: (A) 0.075 and (B)
0.024 mol m−2 day−1; A vs. B: p < 0.01).

  
(a) (b) 

Figure 11. Daily carbon gain per unit area of leaf in the understory on (a) a sunny day (3 July 2020) and
(b) an overcast day (24 June 2020). Results of the same leaf simulated in different scenarios appear in
the same color. A: Estimated actual net photosynthesis. B: Simulated net photosynthesis when the
leaves were hypothetically changed to clearing leaves. C: Estimated actual gross photosynthesis. D:
Simulated gross photosynthesis when the leaves were changed to the clearing leaves. E: Estimated
actual daily respiration. F: Simulated daily respiration when the leaves were changed to the clearing
leaves. In simulation F, all four leaves were assumed to have the same respiration rate as the mean
value of the clearing leaves.

3.7. Simulation: Understory without Sunflecks

We further examined whether the obtained differences could be explained by the effect of sunflecks.
We simulated the net daily carbon gain in the understory on the same sunny day (July 3) under a
hypothetical situation in which all sunflecks’ PPFD values (>200 μmol m−2 s−1) were replaced by a
fixed value 200 μmol m−2 s−1. Without sunflecks, the actual understory leaves indeed performed
slightly better than the simulated clearing leaves in the understory (Figure 12; mean: (A) 0.134 and (B)
0.106 mol m−2 day−1; A vs. B: p < 0.01).
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Figure 12. Simulated daily carbon gain without sunflecks on the sunny day (3 July 2020), in which
sunflecks (>200 μmol m−2 s−1) were replaced by the fixed value 200 μmol m−2 s−1. A: Net daily
photosynthesis calculated with actual leaves in the understory. B: Net daily photosynthesis when the
leaves were hypothetically changed to the clearing leaves. The same leaf simulated under the two
different scenarios appears as the same color.

4. Discussion

4.1. Carbon Gain or Saving via Acclimation

It is frequently discussed that photosynthetic acclimation increases daily net
photosynthesis [3,6,17,24,48]. Supporting this theory, net daily carbon photosynthesis per
unit leaf area in the clearing was higher for the actual sun leaves than for the simulated shade leaves
(Figure 10). This was because during the daytime hours, PPFD on the leaves was always higher
than the critical values, irrespective of the diurnal changes or weather (Figure 9a,c). By contrast,
in the understory, our results did not always support the same theory; when sunflecks are present,
photosynthetic shade acclimation may not always increase net daily photosynthesis. The understory
leaves performed better than the clearing leaves in the understory on the overcast day, but not on
the sunny day (Figure 11). Lower dark respiration rates in shade-acclimated leaves indeed resulted
in lower LCPs (Table 1), but this does not necessarily imply that the shade leaves had higher net
carbon gain than the sun leaves in the understory. In the understory, the simulated sun leaves
frequently outperformed the shade leaves during the sunflecks (Figure 9b). When these sunflecks
were hypothetically removed (Figure 12), or on the overcast day during which few sunflecks were
observed (Figure 9d), such shade-acclimated understory leaves indeed had higher net carbon gain
than the clearing leaves in the understory light environment. These results suggest that the observed
difference was caused by sunflecks. Our results therefore support the notion [23] that under a
diurnally fluctuating light environment, information on the static photosynthetic parameters and daily
averaged light environment may not be sufficient to evaluate shade acclimation in forest understories.
The implication may therefore be that laboratory experiments under controlled light [6,20] or field
experiments using shade cloths [19,30,33], in which sunflecks were not taken into consideration, may
not provide an accurate estimate of carbon gain in the understory. In this regard, it is possible to obtain
better estimates through experiments using plants grown in natural conditions, as observed in [2,60,62]
and the present study; those using natural canopy shading [18]; or those using advanced techniques
that allow the rapid fluctuation of artificial light intensity in the case of a laboratory experiment [51,80].

For the present case, the observed reduced LMA in the understory can instead be interpreted as an
effective cost-saving strategy [24,25,81] rather than as maximizing net daily photosynthesis in low-light
environments. LMA was approximately twofold larger in the clearing than in the understory, whereas
mass-based photosynthetic capacity (Pg_max_mass) and respiration rate (Rmass) were similar between the
sites. Consequently, both light-saturated photosynthetic capacity and respiration rate per unit area of
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the leaves (Pg_max_area and Rarea) were approximately twofold higher in the clearing. Higher investment
of photosynthetic apparatus per unit area results in a higher LMA and Pg_max_area [24]. Additionally,
a greater leaf thickness increases the internal surface area available for the diffusive transfer of CO2

within a leaf [24,28,82–85]. Our results therefore confirm the findings of previous studies on other
species that within-species variation in LMA and leaf thickness explain the variation of area-based
photosynthetic traits across different light environments [4,28,29,34,35,45,86]. The lower LMA and
lower photosynthetic capacity of shade-acclimated leaves incur a lower carbon cost [23–25,27,29,82]
and lower nitrogen costs [31,37,41,42,87–89] to produce a unit area of leaf. In the case of this species,
having lower LMA associated with lower Pg_max_area in the understory may therefore have reduced
leaf construction cost per unit area, in support of the cost-saving hypotheses [24,25,81]. Such reduced
LMA, or equivalently, increased leaf area per unit mass (specific leaf area, SLA), increases whole-plant
leaf area and light capture with a given amount of resources as a method of acclimation to low-light
environments [5,6,18,19].

4.2. Morphological Acclimation

Leaf laminae in the shaded understory were flatter and therefore more horizontally displayed,
whereas laminae in the clearing were more upright to decrease excessive irradiance and maximize
leaf area per unit ground (Figure 5b). Similar changes in leaf three-dimensional structures (i.e., flatter
in the shade) to maximize light capture in low light environments have been reported for a different
species of a forest herb [55], for other within-canopy variation of lamina morphology for broadleaved
trees [36,67,68], and for the three-dimensional arrangement of conifer needles [90–92]. This result is
consistent with several previous findings that the leaves in well-lit places are more vertically upright,
while leaves in shaded places are more horizontally displayed to maximize light capture [36,45–47,60].
However, we did not focus on the consequence of the morphological acclimation in the present study.
As predicted by the game theory [93], leaf angle is determined not only on the basis of optimal light
capture but also on the competition [93] and/or the contact [94] with neighboring plants. Further study
is therefore needed to evaluate the consequence of morphological acclimation by taking the existing
competition into consideration. Additionally, in the present study, we made a simplified assumption
that the leaf 3D structure was approximated by a cone (Figure 1c). However, the shape of the actual
leaves was much more complex and was trumpet-shaped; a lamina was more horizontal at the edge of
each leaf and gradually was more vertical towards the center (see photographs in Figure 1). In the
present study, we measured photosynthetic rate only at the edge of each leaf with the LI-6400 (Figure 3);
environmental heterogeneity within a single leaf [95] was not investigated. More detailed studies that
model complex 3D structure [68,95] are needed for this species.

Our study had several additional limitations. First, we examined only leaves. Although
investigating leaves is equivalent to investigating the entire above-ground part of individual ramets
for this species (Figure 1), the importance of the whole-plant carbon economy, including roots, has
long been recognized [25]. Although leaf respiration rate is positively correlated with the respiration
rates of roots [96] and the entire plant [97], further studies on whole-plant respiration rates [97,98] and
whole-plant biomass allocation patterns [5,6,18,20,99] are needed for this species. Second, we ignored
photosynthetic induction time and instead estimated the instantaneous photosynthetic rate using
steady-state photosynthetic light response curves. Efficiency of photosynthesis may differ between
steady-state and short-sunfleck conditions [49,56,58] due to stomatal [42,100–106], mesophyll [42],
and biochemical [102,104,107] limitations. In our dataset, however, understory leaves frequently
received sunflecks during the day (Figure 9b). Leaves of forest understory plants that are induced once
maintain an induced condition for a relatively long time [49,58], so the magnitude of this overestimation
might not be very large. Induction times were reported to be similar between shade-tolerant and
shade-intolerant species [108]. Currently, however, there is little information on within-species
differences in induction time between sunlit and shaded leaves. Third, the diurnal course of the
photosynthetic rate depends not only on light but also on other environmental factors (i.e., humidity,
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temperature, VPD, etc.) [42,109,110] in addition to whole-plant water availability [4,111–115]. Therefore,
the effect of midday depression due to stomatal closure [60,110,112,115] and photoinhibition [60,112]
also would significantly alter the daily carbon gain of leaves. Furthermore, the strength of such effects
may differ between sun and shade leaves [60,112,115]. Further detailed studies are therefore needed to
reconfirm our findings before generation.

5. Conclusions

Petasites japonicus subsp. giganteus had a high capacity for acclimation to different light
environments. In this species, having lower LMA associated with a lower photosynthetic rate
in the understory did not increase net daily photosynthesis on the sunny day due to frequent sunflecks,
but instead reduced construction costs per unit leaf area. These results indicate that when sunflecks
were present, information on static leaf photosynthetic traits may not be sufficient to evaluate shade
acclimation in forest understories.
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Abstract: Research Highlights: We demonstrate the first quantitative evidence that the shoot
shedding of fast-growing species growing in a high-light environment is part of the process of shoot
redeployment into better-lit outer parts of the crown. Background and Objectives: Light foraging by
redeploying organs from shaded regions of a tree crown into better-lit regions is considered to apply to
both leaves and shoots. To date, however, this hypothesis has never been tested for shoots. Materials
and Methods: We investigated the shoot dynamics of saplings of five deciduous woody species. We
included fast-growing and slow-growing species (Alnus sieboldiana Matsum., Castanea crenata Siebold
& Zucc., Betula ermanii Cham., Acer distylum Siebold & Zucc., and Fagus crenata Blume). Results:
Shoots in the shaded regions of the crowns of the fast-growing trees showed higher mortality rates
than those at better-lit positions. Because of the selective shedding of the shaded shoots, at the end of
the growth period the light environment experienced by the shoots that survived until the following
spring was similar to that at the early stage of the same growth period. By contrast, the slow-growing
trees displayed slow and determinate growth, with a very low mortality rate of shoots at all positions
in the crown. Conclusions: The rapid shoot turnover of the fast-growing species resulted in the
redeployment of shoots into better-lit positions within the tree crown in a manner similar to the
redeployment of leaves.

Keywords: branch lifespan; shoot lifespan; stem lifespan; branch shedding; shoot shedding; stem
shedding; canopy; crown development; tree architecture; light foraging

1. Introduction

A plant canopy is a dynamically changing system due to the continuous production, growth, and
death of leaves and shoots [1–15]. The light environment within a canopy therefore changes temporally
during plant growth [1,9,10,14,16]. Although studies on static plant form and function, such as
allometric scaling approaches [17–24], are useful for analyzing time-averaged plant characteristics,
investigations of plant organ dynamics are essential to understanding the development of individual
plants and stands.

The dynamics of the aboveground parts of plants are driven by three processes: the production,
growth, and death of leaves and shoots. Plants in different light environments differ in their shoot
dynamics. In low-light environments (e.g., forest understories), plants may accelerate the shedding
of their shaded, lower-positioned leaves or shoots because of their negative carbon balances [1]
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(but see [6]). For plants in open habitats, the continuous production of leaves into better-lit, higher
positions in a canopy is an essential strategy to outcompete neighbors [25–27]. New leaves in the higher
or outer positions of a canopy shade the leaves in the lower or inner part of the canopy [14,28–30].
Senescence and death of the shaded leaves of plants in high-light environments are a part of organ
redeployment into better-lit positions [9,27,28,31–39]. Light foraging by organ redeployment from
shaded regions into better-lit regions of a tree crown is considered to apply to shoots in addition to
leaves [40,41]. To the best of our knowledge, however, no empirical study has tested the applicability
of this hypothesis to shoots.

The temporal changes of a crown are determined by two-way interactions between the light
environment and the dynamics of the leaves and shoots; light affects the dynamics (i.e., production,
growth, and death) of organs, and the dynamics of organs affect the environment [1,4,5,8,10,14,42].
Shoot production rates are higher and shoot mortality rates are lower in better-lit, outer parts than in
shaded, inner parts of the crown [13,40,43]. Furthermore, shoot growth and death depend on whether
the shoots are shaded relative to other shoots throughout the entire crown, a phenomenon known
as correlative inhibition [41,44–47]. Although these previous studies have successfully elucidated
how the light environment affects shoot dynamics, they have clarified only the one-way effects of
environmental factors on shoot dynamics. By contrast, only a few empirical studies (e.g., [6]) have
quantified the effect of shoot dynamics on light environments, despite the importance of these effects
having long been recognized in theoretical studies [1,4,5,8]. Therefore, further empirical studies of this
two-way interaction are needed.

In this study, we investigated the two-way interactions between the within-crown light
environment and shoot dynamics of saplings of five temperate, winter-deciduous woody plants
that included fast- and slow-growing species grown in open, well-lit places. We tested the hypothesis
that light foraging by organ redeployment from shaded regions into better-lit regions of a canopy,
an idea well supported for leaves, also applies to shoots. We also expected that the interaction
between shoot dynamics and light environments would be greater for fast-growing species than for
slow-growing species because of their difference in shoot production and survival rates.

2. Materials and Methods

2.1. Study Species

We investigated saplings of five temperate, winter-deciduous tree species, all of which are
native to Japan. The alder (Alnus sieboldiana Matsum.) is a nitrogen-fixing [48] pioneer species that
grows in open habitats after disturbances [49]. Its higher photosynthetic rates than those of typical
slow-growing species [50] indicate that this is a fast-growing species because the photosynthetic
rates of leaves and whole-tree growth rates are positively correlated [51–53]. The Japanese chestnut
(Castanea crenata Siebold & Zucc.) is an early-successional species that regenerates in sunny places [54].
In this study, we classified A. sieboldiana and C. crenata as fast-growing species based on their growth
rates (see Results). The Russian rock birch (Betula ermanii Cham.) is an early-successional species,
and its leaves have higher photosynthetic rates than those of typical late-successional species [55].
Thus, we classified B. ermanii as a medium-growth-rate species. Acer distylum Siebold & Zucc. is a
shade-tolerant sub-canopy species [56] found in climax beech forests [57]. Although it can tolerate
a shaded understory, this species also can grow rapidly in gaps [58]. Siebold’s beech (Fagus crenata
Blume) is a shade-tolerant [59] and late-successional [55] species that dominates in cool-temperate
climax forests in Japan [60]. The leaves of this species have lower photosynthetic rates than those
of typical early-successional species [55,61–64]. A. distylum and F. crenata were classified herein as
slow-growing species.
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2.2. Study Sites and Sample Trees

The current study was conducted from 2002 to 2003 at two study sites in Japan. To ensure that
the number of current-year shoots measured for each species exceeded 300, which we believed to
be sufficient to describe species-specific patterns, we examined three to six saplings of each species
(Table 1). Saplings of A. sieboldiana, C. crenata, and F. crenata were investigated at the experimental
garden of, or a plantation adjacent to, the Center for Ecological Research (CER), Kyoto University
(34◦58′ N, 135◦57′ E, 150 m asl). The mean annual temperature and precipitation at this location
are 14.6 ◦C and 1618 mm, respectively (years 2006–2010; data from CER). Saplings of B. ermanii and
A. distylum were investigated in a nursery at the Kamigamo Experimental Forest Station (KEFS), Kyoto
University (35◦04′ N, 135◦46′ E, 140 m asl), which is approximately 21 km from CER. The mean annual
temperature and precipitation at KEFS are 14.6 ◦C and 1580 mm, respectively (years 1971–2000; data
from KEFS). Therefore, the two study sites had very similar temperatures and precipitation. All of the
saplings investigated in the study were grown in open, well-lit places.

Table 1. Sample sizes of current-year shoots from the saplings of different species of trees.

Alnus
sieboldiana

Castanea
crenata

Betula
ermanii

Acer
distylum

Fagus
crenata

No. of saplings 3 3 3 6 4
Tree height (m) 0.81–1.03 0.95–1.13 0.61–0.81 0.86–1.72 0.81–1.02

No. of shoots for the shoot census 1 581 425 318 325 343
No. of shoots for the leaf census 1 189 251 259 288 339

1 Total number of current-year shoots from all saplings of each species that we investigated.

2.3. Shoot Census

For each sapling, we identified and periodically investigated all the current-year shoots that
appeared in 2002 (Table 1, Figure 1). In 2002, we measured the length of each shoot after it had
completely elongated. Shoot lengths (i.e., the annual shoot elongation) and the number of vegetative
buds (i.e., the production of daughter shoots) were used as indices of the growth rates of each shoot.
For A. sieboldiana, C. crenata, and A. distylum, we observed sylleptic shoots: lateral buds that grew from
current-year shoots within the same year. All of these were regarded as part of their parent (proleptic)
shoots, and the lengths and numbers of vegetative buds of the sylleptic shoots were summed with
those of their parent to calculate the annual shoot elongation and bud production of the parent shoot.
In April 2003, we evaluated the survival of each shoot. A shoot was defined as alive if it had at least
one living bud (vegetative or flower bud). A shoot was defined as dead if it had been shed before
April 2003 or if it lacked any living bud in April 2003.

Figure 1. Cont.
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Figure 1. Young shoots of (a) Alnus sieboldiana, (b) Castanea crenata, (c) Betula ermanii, (d) Acer distylum,
and (e) Fagus crenata (photographs captured in April 2002 by Hiroyuki Shirakawa).

2.4. Leaf Census

From bud break (late March 2002) to completion of leaf fall (late January 2003), we periodically
investigated all leaves of the selected shoots of each species (Table 1) and recorded the numbers of
leaves that appeared from these shoots every one or two weeks. The date of leaf emergence was
postulated to be the midpoint between the date of a previous observation and the date that a new leaf
was observed [65]. For each shoot, we calculated the shoot elongation period as the time between the
emergence of the first and last leaf (i.e., the leaf emergence period calculated for each shoot). All leaves
on the monitored shoots of F. crenata emerged as a flush within seven days between two successive
census days (8 and 15 April 2002). The shoot elongation period of F. crenata was therefore estimated at
3.5 days.

2.5. Measurement of Light Environments

We measured the light environment within each crown for all the current-year shoots of the studied
saplings. For the two fast-growing species (A. sieboldiana and C. crenata), which had indeterminate
growth patterns, we investigated seasonal changes of the light environment within each canopy by
conducting the same measurements twice during the same growth period in 2002 for all the shoots.
The first measurement was taken in June or July, when almost all of the current-year proleptic shoots
had emerged, but their elongation (including elongation of their sylleptic shoots) was not yet complete.
The second measurement was conducted in September, when the elongation of almost all of the
shoots was either complete or nearly so. For the other three medium- or slow-growing species,
the measurements were conducted once, between June and September, when the elongation of most of
the shoots was complete or nearly so (the dates of the measurements for each species are shown in the
Results). We conducted the measurements from 11:00 to 13:00 local time on overcast days. On each
measurement day, we used two quantum sensors (IKSX-7/101; Koito Manufacturing, Tokyo, Japan)
to measure the photosynthetic photon flux density (PPFD) simultaneously. One sensor was fixed
horizontally to a pole at the top of each tree. Light conditions at the tops of the trees in the open
experimental gardens were nearly the same as those in the open full-lit location. Another sensor was
fixed horizontally at the top of each shoot [46,66] with a hand-held measuring bar, as described in
Muraoka et al. [67,68] (Figure 2). The investigators took care so as to not shade the sensor. We calculated
the relative PPFD (rPPFD) as the ratio of the PPFD at the tip of each shoot to the PPFD at the top of the
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tree [46]. A previous study demonstrated that rPPFD measured on the horizontal surface at the tip of a
branch represents the average light environment of that branch because it is highly correlated with the
mean rPPFD of distal-to-proximal secondary shoots on that branch [46]. Therefore, we used the rPPFD
at the tip of each shoot as a representative value for the average light environment of that shoot.

Figure 2. A schematic diagram demonstrating the measurement of light environments of different
shoots in this study. A sensor was fixed horizontally with a hand-held measuring bar. (Illustration by
Kohei Koyama).

Some sylleptic shoots emerged after the first measurements (June–July) and were considered part
of their parent proleptic shoots. Therefore, if a proleptic shoot had sylleptic shoots, the continuum
of proleptic–sylleptic shoots of the same age (i.e., those shoots that emerged within the same growth
period) was considered as one current-year shoot. In that case, the top of that current-year shoot was
measured in the second measurement. In the case of a shoot that had been shed prior to the second
measurements, we measured the PPFD at the approximate prior position of the shoot tip (estimated
from its length).

We analyzed the effect of rPPFD that was obtained at the first measurement on each shoot for
each species on the subsequent survival of that shoot in April 2003 using a generalized linear mixed
model (GLMM) with the function glmer (binomial (link = “logit”)) [69] and R software v4.0.3 (Vienna,
Austria) [70]:

ln
(

y
1− y

)
= a + bx + r⇔ y=

exp(a + bx + r)
1 + exp(a + bx + r)

⇔ y=
1

1 + exp(−a− bx− r)
, (1)

where y is the survival of that shoot in April 2003 (0 = dead, 1 = survived), x is the fixed effect (rPPFD),
a and b are the coefficients estimated by the glmer, and r is the random intercept (individual tree).
The significance of the fixed effect of rPPFD (coefficient b) was tested by a likelihood ratio test with
the R function anova (test = “Chisq”) by comparing Equation (1) with the null model with no rPPFD
dependence (b = 0).

As mentioned, for the two fast-growing species, we conducted the PPFD measurements twice (i.e.,
the early (June or July) and the late (September) stages) in 2002 for the same set of shoots. The survival
of the shoots was monitored until April 2003. The shoots were then assigned to one of two groups:
(1) survivor group, those that survived until April 2003, or (2) dead group, those that had died by
April 2003. We performed two types of comparisons (A and B) as follows. (A) Using all of the shoots
from the survivor and dead groups, we compared the early versus late environments within the
same growth period in 2002 within each tree crown. We expected that because of the rapid and
indeterminate growth of the fast-growing species, the later-stage shoots would experience an inferior
light environment compared with the early-stage shoots. This expected result would indicate that
rapid growth causes an increment of self-shading. (B) We compared all the shoots at the early stage
with the rPPFD of the survivor group shoots at the late stage. The survivor group shoots at the late
stage were considered to be the shoots for the next year. Finally, we compared the difference in the
results between (A) and (B). We hypothesized that any difference between (A) and (B) would indicate
an effect of shoot shedding on the within-crown light environment. We expected that shoot deaths
would counter the development of self-shading by the selective shedding of shaded shoots. For these
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two types of comparisons, we tested the differences in the two distributions of rPPFD (early versus
late) with two-sample Kolmogorov–Smirnov tests using R software. All of the datasets used in this
article are available online as Supplementary Materials.

3. Results

3.1. Growth Rate and Pattern

Table 2 summarizes the results of the growth and survival rates of the shoots. The shoot elongation
period was longest for the fastest-growing species (A. sieboldiana), which showed typical indeterminate
growth and successive emergence of leaves (Figure 3). By contrast, the elongation period was shortest
for the slowest-growing species (F. crenata), which displayed typical determinate growth and a flush
of leaf emergence during a very short time. The remaining species showed intermediate patterns.
C. crenata experienced three flushes of leaf emergence, while B. ermanii and A. distylum showed one
flush of emergence of early leaves and the successive emergence of late leaves.

Table 2. Growth and survival rates of the shoots.

A. sieboldiana C. crenata B. ermanii A. distylum F. crenata

Species category Fast Fast Medium Slow Slow
Annual shoot elongation 1,2 (cm year−1) 26.9 8.0 4.4 1.5 2.2

Shoot elongation period (days) 1 156 33 18 8 3.5
Number of daughter buds per shoot 1,2,3 5.1 2.7 1.9 1.1 1.1

Shoot survival rate 0.54 0.78 0.88 0.93 0.98
1 Mean values for each species. 2 The lengths of sylleptic shoots and the number of their vegetative buds were
summed with those of their parent proleptic shoots. 3 Shoots without vegetative buds were not included.

Figure 3. Histogram of shoot elongation period. The shoot elongation period is defined as the time
interval between the emergence of the first and last leaves.

3.2. Shoot Survival

The shoot survival rate was lower for the fast-growing species than for the slow-growing species
(Table 2). The shoots in the shaded part of the canopy of the two fast-growing species (A. sieboldiana
and C. crenata) experienced a high mortality rate (Figure 4, Table 2). By contrast, the shoots of the
slow-growing species (A. distylum and F. crenata) experienced a low mortality rate at all positions
within the canopy, regardless of the light environment (Figure 4, Table 2). The mortality rate of the
shoots of the medium-growth-rate species (B. ermanii) was intermediate between these two extremes
(Figure 4, Table 2). Logistic regression analysis demonstrated that those shoots located in a low-rPPFD
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environment were significantly less likely to survive than shoots located in a high-rPPFD environment
in fast-growing (A. sieboldiana and C. crenata, p < 0.001) and medium-growth-rate species (B. ermanii,
p < 0.001), but not in slow-growing species (A. distylum, p = 0.54; F. crenata, p = 0.45).

Figure 4. Relative photosynthetic photon flux density (rPPFD) at the shoot tips in summer and autumn
in 2002 and number of surviving or dead shoots in April 2003. Dates of rPPFD measurements in
2002 are as follows: A. sieboldiana, 15–24 June; C. crenata, 19 July; B. ermanii, 17 June; A. distylum,
4 August–1 September; F. crenata, 27 August–26 September.

3.3. Light Environment

The long shoot elongation periods observed for the two fast-growing species caused the
development of self-shading during a single growth period. Shoots of the two fast-growing species
(A. sieboldiana and C. crenata) experienced significantly more self-shading in the late stage than the
early stage of the same growth period (p < 0.001; Figure 5a). Nonetheless, the light environment in the
later stage of growth experienced by the shoots that survived until April 2003 (i.e., the shoots for the
next year) was similar to the one experienced by all the shoots in the early stage (Figure 5b). For both
of the fast-growing species, the light distributions during the two stages did not differ significantly
(A. sieboldiana, p = 0.48; C. crenata, p = 0.10; Figure 5b).

Figure 5. Cont.
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Figure 5. Comparison of the light environments between the first (early stage of the growth period,
black curves) and the second (late stage, red curves) measurements illustrated by empirical cumulative
distribution functions. (a) All the shoots were analyzed for both stages. (b) All the shoots were
analyzed for the early stage, and only the shoots that survived until April 2003 were analyzed for the
late stage. p-values are the results of two-sample Kolmogorov–Smirnov tests, which were used to
determine whether the difference between each pair of distributions (early vs. late) was significant.
N.S., not significant.

4. Discussion

The high metabolic activities of plant organs are generally associated with their fast turnover
rates and short lifespans [71]. We observed that the shoot growth and mortality rates were higher for
the fast-growing species than for the slow-growing species. Recent advances in plant ecophysiology
have led to the concept of a “plant economics spectrum,” a covariation of a suite of traits that can
be largely explained by a position on the single axis of fast versus slow strategies [71]. The core
relationships in the economics spectrum are the negative correlations between trait values associated
with productivity (e.g., higher growth rate, higher leaf photosynthetic rate) and those associated with
persistence (e.g., slow turnover rate, mechanical stability, longer lifespan). This growth–persistence
trade-off has been reported both at the organ level (e.g., “leaf economics spectrum” [72], “wood
economics spectrum” [73], “root economics spectrum” [74]) and at the whole-plant level (fast vs.
slow strategies or “plant economics spectrum”) [51,71,75–77], based on the rationale that more active
organs afford individuals with better whole-plant growth rates at the expense of lower survival
rates [1,51,73,75,78,79]. Such trade-offs have been found across different taxa, including different
vascular plant groups [51,71–78], ferns [80], and mosses [81]. Similar trade-offs have also been observed
in interspecific comparisons globally [72,73,82] and locally [55,83–85]. Analogous trade-offs have been
quantified at intraspecific levels as well [86].

Two major theories have been proposed to explain the negative correlation between growth
and survival rates. The first is the physiological constraints theory, which states that an organ or an
individual cannot attain both high productivity and high persistence [87,88]. Such a trade-off may
arise because of the selective investment of resources between traits related to high activity and those
related to persistence [71,75,89]. For example, an investment of nutrients into the photosynthetic
apparatus enhances photosynthetic rates [90] at the expense of investment in defense chemicals that
reduce herbivory [75] or into mechanical toughness [91]. Likewise, stems comprising dense wood
with narrow conduits are durable but may be less effective at transport [88] (but see [73]). Thus far,
the physiological constraints underlying growth–persistence trade-offs have been intensively studied
both theoretically [92] and empirically [73,91,93]. The second explanation for the negative correlation
between growth and survival rates is the theory of optimal longevity (TOL): an organ should be replaced
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at an optimal time to maximize whole-plant carbon gain [9,29,31,38–40,94–96]. The key idea is that plant
organs should be continuously moved into more productive environments [9,29,31,39,40,71,97] because
a plant generally competes with its neighbors for light [25,26,71]. The production and deployment
of new leaves and shoots into better-lit positions cause self-shading of the shaded inner part of the
plant canopy [1,28,36] resulting in the death of the shaded leaves or shoots [1,3,9,29,30,39,97]. Such
organ redeployment would be faster if the plants or shoots were growing faster [3,9,14,31,36,65,97].
TOL predicts that a higher growth rate is one of the reasons for a shorter organ lifespan. The two
theories are not mutually exclusive, and the difference between them is a difference between proximate
and ultimate or evolutionary factors [98].

Previous studies of shoots, however, have focused primarily on testing physiological constraints
(i.e., causes of short organ lifespan), whereas few studies [13,40] have directly investigated the
consequences of a shortened organ lifespan. Specifically, although the concept of the economics
spectrum may apply to any organ [71], quantitative assessment of the TOL is limited to leaves [39,99]
or fine roots [100]. It has been suggested that TOL can also be applied to shoots [40,101]; however,
those studies did not quantitatively evaluate the effects of shoot shedding on light environments
within crowns. Our results quantitatively demonstrated a consequence of rapid shoot shedding;
i.e., redeployment of shoots into better-lit positions within a tree crown. The present results are
consistent with the predictions of TOL, which, to date, have been thoroughly tested with leaves but
not with shoots.

Based on the wood economics spectrum theory [73], we analyzed the wood density of four
of the five species from the published literature and reconfirmed the predicted relationship [73]
that the shoot survival rate is higher for species with higher wood density (Figure 6). A recent
study [102] further proposed that a variation in crown structure (e.g., those maximizing light capture
vs. those maximizing vertical growth) can be considered a new trait trade-off continuum: the structural
economics spectrum [102]. This spectrum can be integrated with the previously described concepts of
the leaf and wood economics spectra [102], in which the turnover rate of organs (i.e., leaf lifespan) plays
a central role as an indicator of plant strategy [71–73]. Quantitative results regarding the consequence
of organ turnover on the crown structure and light environment, such as those presented in this
study, would be useful for investigating the suggested linkage among those economics spectra in
future studies.

Figure 6. Shoot survival rates in relation to wood density. Fc: Fagus crenata (data from [24]); the original
publication contained a typographical error (the same numbers were expressed in the wrong units
[kg m−3], and therefore the correct units [g cm−3] have been used here, based on personal communication
with the first author of [24]. Ad: Acer distylum (calculated from values in [103]), Be: Betula ermanii (data
from [104]), and Cc: Castanea crenata (data from [24]). The wood density of A. sieboldiana was not found
in our literature survey.
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A simulation that was based on a dynamic functional-structural model [1] suggests that the death
of shade shoots among shaded understory saplings is merely a passive response to the negative carbon
balance of shaded shoots. Later, Laurans and Vincent [6] conducted an empirical study to test that
suggestion. Their results showed that shoot shedding was not accelerated, whereas shoot production
was suppressed for saplings in more heavily shaded understories than the conspecific individuals in
less-shaded gaps. Laurans and Vincent [6] intentionally excluded pioneers that grew only in open
habitats from their experimental design because their objective was to clarify how the suppression
of shoot production in the shade and the long lifespan of the branches of shade-tolerant species
determined crown morphological variation as a mechanism of shade tolerance. However, neither of
those previous studies [1,6] clarified the consequences of shoot shedding on the within-crown light
environment of vigorously growing trees in open, well-lit places. In the present study, we focused
on plants in high-light environments, in which the continuous production and growth of shoots are
expected. Our results, therefore, cannot be directly compared with those of these previous studies.
In contrast to the cases of trees, there have been many results from experiments on herbaceous species
grown in well-lit places that clarified the consequences of leaf shedding on the within-canopy light
environment (e.g., [9,28–30,39]). These studies reported the function of the redeployment of leaves
from shaded into well-lit places. Thus, our results of the shoot redeployment process observed in open,
well-lit experimental gardens are more similar to the results of herbaceous species in open places than
to the results of woody species in shaded understories.

Our study had several limitations. First, we monitored the trees for only a short time. The shoot
mortality rate of the slow-growing trees was very low during the single growth period investigated
in this study. It has been reported that late-successional old trees maintain their within-canopy
structure by continuously replacing branches [105]. The implication may therefore be that fast- and
slow-growing species maintain their within-crown light environments by replacing shoots rapidly and
slowly, respectively. Further studies that monitor trees for more extended periods of time are therefore
needed. Second, competition with neighbors was excluded in our experiment, which involved growing
each sapling in an isolated condition. Nonetheless, the development of a tree crown in a real stand is
also affected by competition with neighboring trees [102,106,107] and shading by a surrounding forest
canopy [1,4,6,8]. Further studies are therefore needed before the present results can be generalized to
real forest conditions.

5. Conclusions

We demonstrated the first empirical evidence that production and shedding of shoots for the
saplings of fast-growing woody plants in high-light environments are part of a process of the
redeployment of shoots into better-lit parts of the crown, similar to the redeployment of leaves.
By contrast, the slow-growing trees displayed slow and determinate growth, with a low mortality rate
of the shoots at all positions in the crown. These results indicate that fast- and slow-growing species
maintain their within-crown light environments by replacing shoots rapidly and slowly, respectively.
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Abstract: Carbon (C) isotope discrimination during photosynthetic CO2 assimilation has been
extensively studied, but the whole process of fractionation from leaf to soil has been less well
investigated. In the present study, we investigated the δ13C signature along the C transfer pathway
from air to soil in a coniferous and broad-leaved mixed forest in northeast China and examined
the relationship between δ13C of respiratory fluxes (leaf, trunk, soil, and the entire ecosystem) and
environmental factors over a full growing season. This study found that the δ13C signal of CO2 from
canopy air was strongly imprinted in the organic and respiratory pools throughout C transfer due
to the effects of discrimination and isotopic mixing on C assimilation, allocation, and respiration
processes. A significant difference in isotopic patterns was found between conifer and broadleaf
species in terms of seasonal variations in leaf organic matter. This study also found that δ13C in
trunk respiration, compared with that in leaf and soil respiration, was more sensitive to seasonal
variations of environmental factors, especially soil temperature and soil moisture. Variation in the
δ13C of ecosystem respiration was correlated with air temperature with no time lag and correlated
with soil temperature and vapor pressure deficit with a lag time of 10 days, but this correlation
was relatively weak, indicating a delayed linkage between above- and belowground processes.
The isotopic linkage might be confounded by variations in atmospheric aerodynamic and soil
diffusion conditions. These results will help with understanding species differences in isotopic
patterns and promoting the incorporation of more influencing factors related to isotopic variation
into process-based ecosystem models.

Keywords: carbon isotopes; climate change; respiration; discrimination; mixed forest; keeling plot

1. Introduction

Stable carbon (C) isotope measurement is a useful tool for disentangling C cycling processes in
forest ecosystems, as a unique C isotopic signature is imprinted along the C transfer pathway
from CO2 in the atmosphere to C in different ecosystem pools, which is affected by isotopic
discrimination (Δ). During photosynthesis, C3 plants discriminate heavily against 13C through
photosynthetic discrimination; the resulting C isotopic signature (δ13C) in the photosynthate is more
negative compared to the δ13C of atmospheric CO2 (δ13Cair) and is linearly dependent on the ratio
of the intercellular and atmospheric CO2 concentration (ci/ca) [1,2]. After photosynthesis, plants
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rapidly release photo-assimilated C into the soil, and the post-photosynthetic discrimination effects
become involved in a number of biochemical processes alongside mixing and exchange with other C
storages, which leads to different δ13C levels among woody plant parts and soil [3,4]. Subsequently,
respiration-associated discrimination and the consumption of substrates with different δ13C values
further modify the δ13C of respiratory fluxes, resulting in apparent differences between the δ13C of
respired CO2 (δ13CR) and the respiration substrates [5–8]. The accurate measurement of δ13C in different
transfer pathways is important to explore the complexity of the C cycle under the changing climate.

Moreover, the discrimination processes encode biochemical and physiological information into
δ13C, and this information is transferred through different stages of the C cycle. Thus, thoroughly
investigating δ13C in each C pool and respiratory flux can help evaluate the coupling between each
of the processes in the pathways of C cycling. For example, strong evidence of the linkage between
plant photosynthesis and soil respiration was found by Kuzyakov and Gavrichkova [9], indicating
that the δ13C of soil-respired CO2 may also be related to photosynthetic discrimination via root
respiration or exudation. Ecosystem respiration combines the CO2 emitted from leaves, trunks, and soil
within the ecosystem, and it also integrates their C isotopic signals. Thus, the δ13C in ecosystem
respiration (δ13Ceco) can vary substantially with changes in the relative contribution of the respiration
of each component.

Discrimination also encodes information about the dynamics of environmental drivers into δ13C.
Seasonal variation in environmental factors, such as vapor pressure deficit (VPD) and soil moisture,
influence stomatal conductance, which then alters photosynthetic discrimination and further leads
to seasonal dynamics in the δ13C of CO2 respired from leaves [7]. Due to the linkages between the
photosynthetic metabolites and the substrates of different respiratory fluxes, several studies also found
that changes in environmental drivers may be responsible for seasonal dynamics in the δ13CR of
trunks, roots, and soil [10–12]. Accordingly, the δ13C of ecosystem respiration, which integrates all
respiratory components of the ecosystem, was also found to have significant short-term and seasonal
variations [13–15], which have been directly or implicitly linked to environmental factors with a time
lag. This indicates either a fast linkage between assimilates and ecosystem respiration or a linkage
delayed by the time in which the assimilates are transported to the sites of respiration [10,16].

However, a significant response of δ13Ceco to environmental factors does not always exist.
For example, McDowell et al. [13] found only a weak relationship between canopy conductance and
δ13Ceco over a 2-week period, which they attributed to noncanopy controls, such as belowground
respiration on δ13Ceco. Similarly, the results of long-term measurements with high time resolution
showed that δ13Ceco was not tightly coupled with environmental factors in some of the study periods [17].
These studies collectively indicate that the response of δ13Ceco to environmental changes is highly
variable and that the influence of complicated environmental conditions, combined with other factors,
may weaken the linkage between assimilates and ecosystem respiration. Thus, there is a practical
need to explore what factors control δ13Ceco and to what extent δ13Ceco reveals the links between C
cycling processes.

Photosynthetic discrimination can be calculated at the leaf level by determining the difference
between the δ13C of leaf organic matter and δ13Cair [1], or it can be measured online using branch
chambers [17]. Alternatively, photosynthetic discrimination can be estimated using the comprehensive
Farquhar’s model at a canopy scale by combining δ13C and CO2 flux measurements [18,19]. On the
other hand, respiration-associated discrimination can be evaluated by chamber measurements [20,21]
using the Keeling plot approach [22,23]. This approach is based on the theory of the two-component
gas-mixing model, where δ13CR emerges as the y-intercept of the mixing relationship between δ13C
and the inverse of the CO2 concentration (CO2) [24,25]. The Keeling plot approach can also determine
the δ13Ceco using nighttime CO2 and δ13C across the vertical profile of the forest [14,17]. Recently,
optical laser spectroscopy techniques have allowed in situ continuous monitoring of CO2 isotopes
within open forest canopies or closed gas exchange chambers, thus tracing the high-resolved dynamics
in δ13Cair, δ13CR, and δ13Ceco over more weather conditions [12,17]. However, few studies have
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simultaneously measured δ13Cair, δ13CR, and δ13Ceco, which represents a limitation of our knowledge
on discrimination in the process of C exchange.

Coniferous and broad-leaved mixed forests are widely distributed in northeast China. These forests
are well-protected old-growth virgin forests characterized by rich species diversity as well as high
biomass. Previous studies have shown that coniferous and broad-leaved mixed forests are strong
C sinks and have experienced climate warming over the past 50 years [26]. To our best knowledge,
variations of δ13C in forest storage C pools and respiratory fluxes have mainly been studied in pure
forests [17,27–29], while mixed forests with multiple tree species have rarely been covered by previous
studies [12]. In the present study, we continuously investigated in situ seasonal variations in the δ13Cair

and δ13CR of leaves, trunks, and soil as well as δ13Ceco in a 200-year-old coniferous and broad-leaved
mixed forest over a full growing season. We also explored the Δ variation of the dominant species
in this mixed forest. Firstly, we aimed to identify species-specific differences in photosynthetic Δ
and variations in the Δ subsequent photosynthesis in this mixed forest. Secondly, we assessed the
environmental effects on seasonal variations in δ13C for CO2 respired by leaves, trunks, and soil as
well as the ecosystem. Finally, we tested whether δ13Ceco reveals links between aboveground and
belowground processes.

2. Materials and Methods

2.1. Site Description

The study was carried out in a coniferous and broad-leaved mixed forest site (42◦ 24.149′ N,
128◦ 05.768′ E, 732 m elevation) in the Changbai mountain natural reserve, Jilin, northeast China.
The site is pristine and undisturbed by anthropic activities and characterized by richness of species in
both its overstorey and understorey. The density of the trees is about 560 trees ha−1 (stem diameter
> 8 cm). Dominant species include one evergreen needle species, Korean pine (Pinus koraiensis),
and four deciduous broadleaf species, including Manchurian ash (Fraxinus mandshurica), Mono maple
(Acer mono), Mongolian oak (Quercus mongolica), and Tuan linden (Tilia amurensis). P. koraiensis,
F. mandshurica, and T. amurensis account for about 40%, 30%, and 20% of the total tree number,
respectively, while Q. mongolica and A. mono account for the remaining 10%. The average age of the
dominant species has been estimated to be over 200 years, and the mean canopy height is about 26 m.
The growing season of the vegetation extends from May to September. The site’s topography is nearly
flat. The soil is classified as dark brown forest soil with a depth of 60–100 cm. The climate is temperate,
with a mean annual temperature of 3.6 ◦C and annual precipitation of 695.3 mm measured between
1982 and 2003; over 80% of the rainfall occurs within the growing season.

2.2. Eddy Covariance and Meteorological Measurements

A 62 m high meteorological tower is located at the study site. Temperature and relative humidity
probes (HMP155A, Vaisala, Helsinki, Finland) and anemometers (WindSonic1, Campbell Scientific,
Logan, UT, USA) were installed at seven heights (2.5, 8, 22, 26, 32, 50, and 60 m) on the tower.
A pyranometer (CMP22, Kipp&Zonen, Delft, Netherlands) was installed at 40 m on the tower.
Rainfall was measured at 62 m using a rain gauge (TE525MM, Texas Electronics, Dallas, TX, USA).
Soil temperature and moisture were measured at a 5 cm depth using a thermocouple burial probe
(105E-L, Campbell Scientific, Logan, UT, USA) and a water content reflectometer (CS616, Campbell
Scientific, Logan, UT, USA), respectively. All of the meteorological data were recorded via a CR1000X
data logger (Campbell Scientific, Logan, UT, USA) at 30 min intervals.

An eddy covariance system was installed on the tower at 40 m above the ground. The system
consisted of a three-axis anemometer (WindMaster Pro, Gill Instruments, Lymington, UK) and an
open-path CO2/H2O infrared gas analyzer (Li-7500DS, LI-COR, Lincoln, NE, USA). Raw data were
collected by a SmartFlux 3 System (LI-COR, Lincoln, NE, USA).
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2.3. Canopy CO2 Concentration and Carbon Isotope Composition Profile

In this study, the canopy CO2 and δ13Cair were measured using a wavelength-scanned cavity ring
down spectroscopy (WS-CRDS) analyzer (G2201-i, Picarro Inc., Santa Clara, CA, USA). This instrument
performed well in measuring the δ13C of CO2 with a 5 min precision of 0.11‰ and a maximum drift
of 0.25‰ day−1. Data were collected at about 1 Hz and expressed on the VPDB (Vienna Pee Dee
Belemnite) scale.

A profile control system (PRI-8500, PRI-ECO Inc., Beijing, China) was used as a peripheral of
the WS-CRDS analyzer to automatically change ports in the δ13C profile measurements (Figure 1a).
Air inlets were installed at the seven heights on the tower. Different levels of air were simultaneously
pumped from the inlets by a vacuum pump (R410, Rocker Scientific Co., Ltd., Taiwan, China) through
1/4-inch Teflon tubes followed by flow control valves (ASC200-08, AirTAC, Taiwan, China). Each of the
inlets was selected and then scanned for 5 min one after another from lower to higher levels through a
16-port rotation valve (Valco Instruments Co. Inc., Houston, TX, USA). The air was pumped into the
WS-CRDS analyzer at a flow rate of 30 mL/min using a Picarro external pump. The first minute of each
measurement was discarded to remove the data of the response time after the port was switched.

Figure 1. Schematic of the atmospheric profile and respiration chamber system (a) and photographs (b)
and diagrammatic representations (c) of the custom-made chambers. L1 and L2, leaf chambers; T1 and
T2, trunk chambers; S1, soil chamber; Std1 and Std2, standard gas tanks; FC, flow controller; AF, air
filter; P, pump.

Two standard gases (Std1: 370.7 ppm for CO2 and −20.8709‰ for δ13C; Std2: 799.0 ppm for
CO2 and −21.5685‰ for δ13C) were scanned for 15 min once a day to conduct two-point gain and
offset calibrations for CO2 measurements and single-point delta value offset calibrations for δ13C
measurements [30]. The dependence of δ13C on CO2 for G2201-i was 0.09‰ per 100 ppm in the range
of 368.1–550.1 ppm, as tested by Pang et al. [31]. Thus, it can be presumed that the CO2 dependence of
δ13C is linear within the small CO2 range (about 400–495 ppm for the air profile measurement and
400–600 ppm for the respiration measurements; see Section 2.4) in the present study. The first 5 min
and last 1 min of each standard gas measurement were discarded to remove biased data introduced by
port switching.

2.4. Carbon Isotope Composition of CO2 Respired from the Leaves, Trunks, Soil, and Ecosystem

Five ports of the profile control system along with the respiration chambers were used to build
a closed-circuit system under non-steady-state conditions [21,32] to conduct measurements of the
δ13C in the leaf-, trunk-, and soil-respired CO2 (δ13CR) (Figure 1a). The outlet of each chamber was
directly connected to the rotation valve in the profile control system and then connected to the inlet
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of the WS-CRDS analyzer. The outlet of the WS-CRDS analyzer, which is the outlet of the Picarro
external pump, was divided into five sub-outlets by a 5-way air distribution manifold connected to the
inlet of each chamber. All tubes were 1/8-inch Teflon tubes, thereby reducing the system volume and
response time.

The leaf chambers were made from cylindrical PET (polyethylene terephthalate) jars (10 cm in
diameter and 20 cm in height) (Figure 1b,c). The lid of each jar was fixed on the branch by letting the
branch pass through the center of the lid. Mastic tape and silicone sealant were used to fill the space
between the branch and the lid to make the leaf chamber airtight. The inlet and the outlet were on the
sides and the bottoms of the jar bodies. No fans were installed inside the jars because of limited space.

The trunk chambers were made from cylindrical PP (polypropylene) airtight containers (18 cm in
diameter and 9.5 cm in height) (Figure 1b,c). The bottoms of each container were removed, and the rest
of the body was fixed onto the trunk using silicone sealant after gently sanding the bark. An inlet and
an outlet were located on the lid of the container. A mini fan was installed inside the lid for air mixing.

The soil chamber was made from the same material and of the same size as the trunk chambers
(Figure 1b,c). The body of the soil chamber was fixed on a soil collar (16 cm in diameter and 10 cm
in height) using hot-melt adhesive. The soil collar was inserted into the soil to a depth of 5 cm.
Here, only one soil chamber was used due to the limited number of sampling ports. The leaf chambers
and the soil chamber were permanently covered by aluminum foil tape to isolate sunlight and maintain
a steady temperature.

Two leaf chambers were installed on a branch of a P. koraiensis and an A. mono. The branches were
mature and healthy with a diameter of about 1.5 cm and located at about 5 m in height on the sunny
side of the trees. Two trunk chambers were installed on the sunny side of the trunks on a P. koraiensis
and a F. mandshurica at breast height (1.3 m). The selected trees and the soil collar were about 5 m apart
from each other, thereby sharing similar meteorological and environmental conditions. The chambers
were installed one month before the first sampling. Each of the chambers included a silicon sealing ring
on the inside of the lid to ensure airtightness. The airtightness of the respiration chamber was tested by
connecting a CO2/H2O analyzer (LI-850, LI-COR, Lincoln, NE, USA) to a closed chamber (screwing the
body back on the lid for leaf chambers or locking the lid with clamps on the body for trunk and soil
chambers). If there was no obvious change in the measured values of CO2 concentration in the chamber
when blowing along the joints of the chamber, then the sealing performance was considered good.

The δ13CR measurements were conducted from early May to late September of 2019. To begin
measuring, the chamber was first closed after selecting an inlet and an outlet corresponding to the
chamber by manually operating the rotation valve and the air distribution manifold. The measurement
continued until the internal CO2 concentration increased by about 200 ppm (about 20–40 min for the
leaf and trunk chambers and about 5–10 min for the soil chamber), as suggested in [21], and then we
switched to the next chamber. The chambers were closed only during measuring. We periodically
closed the chambers in the following sequence: the P. koraiensis leaf chamber (L1), the A. mono leaf
chamber (L2), the P. koraiensis trunk chamber (T1), the F. mandshurica trunk chamber (T2), and the
soil chamber (S1). Four rounds of measurements were conducted from around 7:00 to 18:00 each day.
The δ13CR of each measurement was estimated based on the widely used Keeling plot approach [22,23].
The daily δ13CR of the leaf, trunk, and soil was averaged from the four measurements each day.

The δ13Ceco was determined by the Keeling plot approach [22,23] using the nighttime (21:00–03:00)
CO2 and δ13Cair profile measurements. Considering that small a CO2 range would cause uncertainties
in fitting the Keeling plot [24], we set a restriction that only nights with a CO2 range greater than
60 ppm were used to conduct the regression, and the ordinary least squares regression (OLS, model I)
was used to obtain the intercept of regression, as suggested by Chen et al. [25].

2.5. Sampling and Carbon Isotope Analysis of the Ecosystem Compartments

Leaves of the five dominant species were collected in the mornings of sunny days once a month
from May to September 2019 around the flux tower. Specifically, nine mature trees of each species
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were randomly selected on each sampling day; then, mature and healthy leaves were collected at three
canopy heights (lower, middle, and upper). Since the trees are different in height and the canopy
structure is different among species, the three canopy heights of each tree were determined relative to
their canopy height range rather than using absolute heights. We collected bark and xylem at breast
height and coarse and fine roots of the five species, as well as litters in the undecomposed layer (Oi)
and decomposed layer (Oe + Oa) and the soil at four depths (0–5, 5–10, 10–20, and 20–40 cm) with nine
replicates around the flux tower at the end of September 2019.

All samples were immediately transported to the lab and dried at 65 ◦C for 4 days to a constant
weight and then ground with a ball mill (MM 400, Retsch, Haan, Germany). The C isotope compositions
of nine sample replicates were determined separately using an elemental analyzer (Flash EA1112,
Thermo Finnigan, Milan, Italy) coupled with a mass spectrometer (Finnigan MAT 253, Bremen,
Germany). The overall precision of the δ13C measurement was < ±0.2‰. All δ13C values are reported
on the VPDB (Vienna Pee Dee Belemnite) scale.

2.6. Calculation of Photosynthetic Carbon Isotope Discrimination

C isotope discrimination of the leaf (Δleaf) was calculated as

Δlea f =
δair − δlea f

δlea f /1000 + 1
(1)

where δair is the averaged C isotope composition of the canopy CO2 (‰) measured at 26 m within the
canopy during the sampling day, and δleaf is the averaged C isotope composition of the leaves (‰) for
all dominant species and canopy heights.

Canopy-scale photosynthetic discrimination (Δcanopy) was calculated using Farquhar’s classical
model (Δclassical) [1] and compared with Δleaf to provide robust evidence for variations in C isotope
discrimination over time. Δclassical describes the fractionation in CO2 diffusion, carboxylation
fractionation, and respiratory fractionation as

Δclassical = a + (b− a)
cc

ca
− f

Γ∗
ca
− e

Rd
kca

(2)

where a is the overall diffusional fractionation for CO2 as calculated from the diffusional fractionation
factors (fractionation across the boundary layer (2.9‰), fractionation across the stoma (4.4‰),
and fractionation across the mesophyll, including dissolution (1.1‰ at 25 ◦C) and diffusion (0.7‰) in
water) and the conductance factors of CO2 across the foliar boundary layer, stoma, and mesophyll
during photosynthesis based on the big-leaf model according to Wehr and Saleska [33]; b is the
Rubisco fractionation in C3 plants and assumed to be 27.5‰ [34]; f is the respiratory fractionation for
photorespiration (11‰) [33]; e is the respiratory fractionation for daytime dark respiration (−5‰) [33];
Γ* is the CO2 compensation point (μmol mol−1), which was calculated from the leaf temperature
according to Brooks and Farquhar [35]; Rd is the daytime respiration rate (μmol m−2 s−1), which is
assumed to be 3 μmol m−2 s−1 [36]; k is the carboxylation efficiency (μmol m−2 s−1), which is assumed
to be 0.1 μmol m−2 s−1 [36]; cc is the CO2 concentration in the chloroplast (ppm); and ca is the CO2

concentration in the canopy air (ppm) measured at 26 m above the ground (see Section 2.3). The cc/ca

was obtained by the numerical solution of the equation derived from the theory of isoflux-based
isotopic flux partitioning (IFP) [19], which is expressed as

cc
ca

=
−(δa+b−δNR−2a+ f Γ∗

ca +
eRd
kca

)±
√
(δa+b−δNR−2a+ f Γ∗

ca +
eRd
kca

)
2−4(a−b)(δNR+a−δa− f Γ∗

ca −
eRd
kca
− iso f lux−δNRNEE

gca
)

2(a−b) (3)

where δa is the δ13C of canopy CO2 measured at 26 m above the ground (‰) (see Section 2.3);
δNR is δ13Ceco (see Section 2.4) but was substituted by the weekly smoothed value to capture the
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seasonal variation; isoflux is the C isotopic flux calculated from the eddy covariance measurement
(see Section 2.2), the canopy CO2 δ13C profile measurement (see Section 2.3), and the intercept of the
daytime (7:00–17:00) Keeling plot according to [18,37]; and NEE is the net ecosystem exchange flux
(μmol CO2 m−2 s−1). Note that Δcanopy was calculated using data from the daytime and expressed as
the daily average.

2.7. Statistical Analyses

Student’s t-test was used to assess the differences in mean δ13C (air, organic matter, and respiration)
among sampling positions, C pools, or species. A one-way analysis of variance (ANOVA) was performed
to assess the significance of the seasonal variations of δ13Cair, leaf δ13C, Δleaf, δ13CR, and δ13Ceco.
To evaluate how the δ13CR of the leaf, trunk, and soil respond to environmental factors, we conducted
correlation analyses and linear regression analyses using the δ13CR of each measurement and the
environmental data of the corresponding timespans. Correlation analyses were also conducted
to assess the environmental effects on δ13Ceco and the potential lagged responses of δ13Ceco to
environmental factors using daily δ13Ceco and daily average meteorological data. The environmental
factors include air temperature, vapor pressure deficit (VPD), global radiation, soil temperature,
and soil moisture. These factors were taken into consideration because they are expected to influence
C isotope discriminations in above- and belowground processes. The lagged correlation was tested
with shifted time periods from zero to 10 days.

3. Results

3.1. Seasonal Variation of δ13Cair

In the year 2019, the mean annual temperature was 5.4 ◦C and annual rainfall was 627 mm, making
2019 warmer and drier than the long-term average (see Section 2.1). During the growing season of
2019, the meteorological conditions showed significant seasonal fluctuations (Figure 2). The vapor
pressure deficit (VPD) was higher in May and September, and air temperature was also higher during
these periods, which resulted in remarkable soil water deficits. Soil temperature and air temperature
reached their highest points at the end of July. In July and August, precipitation and soil moisture
were the highest, especially at the end of July and in the middle of August, when the accumulated
rainfall accounted for 15.7% and 19.6% of the annual total, respectively.

We found a significant seasonal variation in δ13Cair during the growing season (p < 0.01, ANOVA;
Figure 3a). The average δ13Cair of the growing season was −9.25‰. At the beginning of the growing
season, δ13Cair showed a slight decrease and then reached a maximum of about −8.5‰ in early July
and then started to decrease until it reached a minimum of below −10‰ in the middle of August.
In September, δ13Cair first showed an increase and then started to decrease in the middle of September.
Moreover, δ13Cair showed remarkable day-to-day variation. The largest difference in δ13Cair between
two consecutive days was up to about 2‰. Short-term rapid depletions of 13C in the forest occasionally
occurred during the growing season, such as the relative depletion of 13C at the beginning of September.
The difference of δ13Cair between the above-canopy (−9.13‰) and within-canopy (−9.18‰) was small
but statistically significant (p < 0.01, t-test). δ13Cair within the canopy was significantly more positive
(p < 0.001, t-test) than the δ13Cair below the canopy (−9.44‰), and δ13Cair below the canopy was always
the lowest throughout the growing season.
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Figure 2. Seasonal variations in global radiation (a), vapor pressure deficit (VPD) (b), air and soil
temperature (c), and soil moisture and precipitation (d) during the 2019 growing season. Global radiation,
VPD, and air temperature are the averages of the seven heights in the forest. Soil temperature and soil
moisture were measured at a 5 cm depth.
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Figure 3. Seasonal variation in the δ13C of atmospheric CO2 (δ13Cair) (a), seasonal variation in the δ13C
of leaf bulk organic matter (b), and C isotope discrimination at the leaf and canopy levels (c) during
the growing season of 2019. δ13Cair values are given as daily averages. The δ13Cair values below the
canopy were averaged from data collected at heights of 2.5 and 8 m; the δ13Cair values within the
canopy were averaged by data collected at heights of 22, 26, and 32 m; the δ13Cair values above the
canopy were averaged by data collected at heights of 50 and 60 m. The dashed line is the locally
weighted scatterplot smoothing (LOESS) with span = 0.3. The two periods of missing data in June
and August were caused by power failure. Leaf δ13C values (mean ± SE, n = 9) were aggregated from
three canopy heights (lower, middle, and upper). Δleaf was calculated from leaf δ13C and δ13Cair and
separated by species; gray circles represent Δcanopy derived from Farqhar’s Δclassical model. Pk, Korean
pine (P. koraiensis); Fm, Manchurian ash (F. mandshurica); Am, Mono maple (A. mono); Qm, Mongolian
oak (Q. mongolica); Ta, Tuan linden (T. amurensis). Error bars indicate standard deviation.
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3.2. Carbon Isotopic Compositions of Leaves and Photosynthetic Carbon Isotope Discrimination

Considering the complexity of the mixed forest, we determined the leaf δ13C for all five dominant
species and along the vertical position of their canopies. In terms of temporal variation, leaf δ13C in
broadleaved species showed significant seasonal variations (p < 0.001, ANOVA) except for A. mono
(p = 0.516, ANOVA), with a gradual decrease from May to August by a magnitude of 2‰, followed by
an increase after August (Figure 3b). In contrast to broadleaves, the δ13C in the needles of P. koraiensis
did not vary significantly over time (p = 0.275, ANOVA) and showed a slight decrease throughout
the growing season, except for a relatively small increase in July (Figure 3b). δ13C in the needles of
P. koraiensis (−29.79‰) was also the lowest among the species (Figure 3b). Since broadleaved trees are
the main components of the mixed forest in this study, variation in the mean leaf δ13C values of the five
dominant species followed the same seasonal patterns as the four broadleaved species. The temporal
variation of leaf δ13C corresponded to that of δ13Cair, except in May, when δ13Cair was relatively low,
while leaf δ13C was the highest compared to the rest of the growing season (Figure 3a,b), indicating
that leaf δ13C depends not only on the C isotopic signal carried by CO2 in the air.

C isotope discrimination at both the leaf and canopy level is shown in Figure 3c. Δleaf was
calculated directly from the leaf δ13C and δ13Cair of the corresponding sampling days (Equation (1)).
Species-specific differences in Δleaf were found over the growing season. Except for A. mono (p = 0.084,
ANOVA), Δleaf varied significantly (p < 0.05 for P. koraiensis and p < 0.001 for the other species, ANOVA)
over time. On average, Δleaf showed an increasing trend from May (18.97‰) to July (20.70‰), while the
Δleaf of both species showed a decrease in August compared to July and September (Figure 3c).
This variation pattern of leaf level discrimination was strongly supported by the Δcanopy estimated
by the classical Farquhar’s model (Equation (2)), although Δcanopy was generally lower than Δleaf

(Figure 3c). Δcanopy also showed a general increasing trend over time, with the lowest value observed
in May. Since there are two periods of missing measurements, we can only deduce that the Δcanopy

reached its maximum in early to middle July, followed by relatively lower values in the middle of
August, according to the increasing trend in June and the decreasing trend at the beginning of August
(Figure 3c).

3.3. Carbon Isotopic Compositions of Ecosystem Organic Pools and Respired CO2

Seasonal variation in the δ13CR of different ecosystem pools (leaf, trunk, and soil), as well as
δ13Ceco, is shown in Figure 4. Over the entire growing season, the δ13CR of leaves and trunks varied
within a range of 3.2‰ and 4.5‰, respectively. A statistically significant general increase of δ13CR was
found in the needles of P. koraiensis (p < 0.001, ANOVA), while no such phenomenon was found in the
leaves of A. mono (p = 0.422, ANOVA; Figure 4a). The trunk δ13CR of both P. koraiensis and F. mandshurica
varied significantly (p < 0.001, ANOVA) throughout the growing season. Trunk δ13CR showed a
decreasing trend from May to August and a slight increase in September (Figure 4b). This variation
trend was similar to the general seasonal pattern of leaf δ13C (Figures 3a and 4b). Soil δ13CR did not
vary significantly over time (p = 0.084, ANOVA) and was also relatively stable (with a range of 2.3‰)
compared to leaf and trunk δ13CR (Figure 4c). Furthermore, a decrease of δ13CR was found from May
to June in leaf, trunk, and soil (Figure 4a–c).

δ13CR exhibited a slight depletion from leaves (−26.33‰) to trunks (−25.67‰) and soil (−25.48‰),
as did δ13C in the corresponding organic matter (leaf: −28.68‰, trunk: −26.55‰, soil: −25.72‰;
Figure 5). A distinct spatial pattern of leaf δ13C was found throughout the growing season (Figure 5).
Similar to δ13Cair, leaf δ13C values increased significantly with an increase of height (−29.16‰,
−28.73‰, and −28.16‰ from the lower to middle and upper canopy; p < 0.001, ANOVA). Leaf δ13CR

was generally more enriched compared to the δ13C in leaf organic matter but closer to the δ13C in the
upper leaf (−28.16‰), which indicates that a substantial quantity of photosynthate from the upper
canopy was used as respiratory substrate. Trunk δ13CR was also more enriched than the δ13C in trunk
organic matter but showed a larger range of variation (Figure 5). Soil δ13CR was more enriched than the
δ13C of organic matter on the surface (0–5 cm) soil (−26.59‰), in the roots (−28.02‰), and especially
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in litters (−28.40‰). However, the soil δ13CR was similar (p = 0.527, t-test) to the δ13C of soil in deeper
layers (5–40 cm) (−25.43‰; Figure 5).

Nights with a CO2 range lower than 60 ppm were excluded from δ13Ceco calculations because a
small CO2 range could cause uncertainties in fitting the Keeling plot. After applying this exclusion, all
of the values for R2 in the regression were greater than 0.85 and yielded a sufficient quantity of reliable
δ13Ceco data (Figure 4d). The variation in δ13Ceco was significant over the growing season (p < 0.001,
ANOVA), with an average of −25.79‰. δ13Ceco steadily increased as the growing season progressed
(Figure 4d), and the δ13Ceco values were within the range of the δ13CR in the leaves, trunks, and soil
(Figure 5). Some short-term δ13Ceco variations were observed, such as two gradual decreases in May
and July, which may be attributed to the gradual 13C depletion of CO2 in the air and respired from C
pools during these periods (Figure 3; Figure 4).

Figure 4. Seasonal variations in the δ13CR of leaves (a), trunks (b), and soil (c), and in δ13Ceco (d). δ13CR

and δ13Ceco were both derived using the Keeling plot method. The δ13CR of leaves, trunks, and soil
were averaged from four measurements between 7:00 and 18:00, and the error bars indicate standard
deviation. δ13Ceco was determined from the nighttime (21:00–03:00) CO2 and δ13Cair profiles, and the
error bars indicate standard errors of the intercept of the Keeling plot. Pk, Korean pine (P. koraiensis);
Fm, Manchurian ash (F. mandshurica); Am, Mono maple (A. mono); Qm, Mongolian oak (Q. mongolica).
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Figure 5. A comparison of the C isotopic composition of ecosystem organic pools and respiratory fluxes.
Diamonds represent the means. The box represents the median and the 25% upper/lower quartiles.
The tails represent the 10% and 90% limits of the data. Leaf samples were taken once a month from
May to September 2019. The trunk values are the average of the bark and xylem, the root values are the
average of the coarse and fine roots, and the litter values are the average of the undecomposed layer
(Oi) and the decomposed layer (Oe + Oa). These samples, along with the soil samples, were sampled
at the end of September 2019. The leaf, trunk, and soil δ13CR were measured 15 times from May to
September 2019. δ13Ceco was determined at a daily scale from May to September 2019.

3.4. Relationship between δ13CR and Environmental Factors

The correlation analyses showed that the δ13CR in the trunks of both P. koraiensis and F. mandshurica
had a significant negative correlation with air temperature, soil temperature, and soil moisture (p < 0.01;
Figure 6 and Table 1). Soil δ13CR only showed a significant positive correlation with global radiation
(r = 0.312, p < 0.05; Figure 6 and Table 1). No significant correlation was found between leaf δ13CR and
any environmental factors (Figure 6 and Table 1).

We conducted a correlation analysis between δ13Ceco and environmental factors with a time
window from zero to 10 days. It was found that δ13Ceco was negatively correlated with air temperature
(p < 0.05; Table 2) measured on the same day as δ13Ceco. And δ13Ceco was negatively correlated with
VPD (p < 0.05; Table 2) and positively correlated with soil moisture (p < 0.01; Table 2) with a lag time of
10 days. Further, δ13Ceco was negatively correlated with global radiation and positively correlated
with soil temperature, but this correlation was not statistically significant (Table 2).

54



Forests 2020, 11, 1156

Figure 6. Relationship between the δ13CR of different ecosystem organic pools and environmental
factors. The data shown are the δ13CR of each measurement and the environmental factors of the
corresponding half hour when the δ13CR was measured. VPD, vapor pressure deficit; Pk, Korean pine
(P. koraiensis); Fm, Manchurian ash (F. mandshurica); Am, Mono maple (A. mono); Qm, Mongolian oak
(Q. mongolica).

Table 1. Pearson correlation coefficients for the δ13CR from the C pools with environmental factors in
the growing season. The δ13CR of each measurement and the corresponding half-hour meteorological
data were used to conduct this analysis.

Pearson’s Correlation Coefficient (r)
δ13CR (‰)

Pk Leaf Am Leaf Pk Trunk Fm Trunk Soil

Air temperature (◦C) −0.035 0.009 −0.363 ** −0.443 ** 0.234
VPD (kPa) 0.110 0.086 −0.146 −0.120 0.101

Global radiation (W m−2) 0.166 0.242 0.244 0.156 0.312 *
Soil temperature (◦C) −0.199 −0.101 −0.462 ** −0.513 ** 0.092

Soil moisture (m3 m−3) −0.000 −0.056 −0.484 ** −0.469 ** 0.153

Note: * p < 0.05, ** p < 0.01.

Table 2. Pearson correlation coefficients for the δ13Ceco with environmental factors in the growing
season. δ13Ceco and daily average meteorological data were used to conduct this analysis. The lag
time in days and the Pearson’s correlation coefficient (r) are presented, and only the correlation that
provided the best r value is presented.

Lag r

Air temperature (◦C) 0 −0.256 *
VPD (kPa) 10 −0.280 *

Global radiation (W m−2) 0 −0.217
Soil temperature (◦C) 10 0.085

Soil moisture (m3 m−3) 10 0.295 **

Note: * p < 0.05, ** p < 0.01.
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4. Discussion

4.1. Variations in Carbon Isotope Discrimination from Assimilation to Respiration

Photosynthetic C isotope discrimination and δ13Cair both influenced leaf δ13C. In this study,
the influence of photosynthetic discrimination on leaf δ13C was greater in the growing season most of
the time. For example, from May to July, although δ13Cair showed a moderate increase, both Δleaf and
Δcanopy showed a strong increase, which directly led to a continuous decrease in leaf δ13C during this
period (Figure 3). This increase in Δleaf and Δcanopy may have resulted from an increase in stomatal
conductance under the gradually warmer and wetter weather conditions from May to July (Figure 2).
However, the influence of photosynthetic discrimination may have become weak for determining
the leaf δ13C in August, at which point we also found that leaf δ13C reached its minimum, and Δleaf

and Δcanopy were not the highest (Figure 3). On the other hand, δ13Cair influenced leaf δ13C more
profoundly in terms of height. Since 13C depleted CO2 relative to the atmospheric CO2 respired by
the soil and understorey and due to the reduction in mixing between the air inside the forest and
the atmosphere with a decrease in height, canopy δ13Cair was usually lower, as it was closer to the
ground [38,39], which resulted in a similar spatial pattern between leaf δ13C and δ13Cair (Figure 5).

The seasonal pattern of photosynthetic C isotope discrimination was found to be species-specific.
Compared with deciduous broadleaf species, the coniferous species (P. koraiensis) was found to have
the highest Δleaf in the growing season (Figure 3), which is consistent with a previous study conducted
at the same site as our study [40]. Low photosynthetic activity and higher stomatal conductance could
result in a higher ci/ca and, consequently, higher Δleaf [41]. Therefore, P. koraiensis in this temperate
mixed forest may have a lower photosynthetic rate and higher stomatal conductance compared to
deciduous species. Moreover, δ13C in the needles of P. koraiensis showed smooth depletion during the
growing season, resulting in less varied Δleaf over time compared to the deciduous broadleaf species
(Figure 3). This difference is most likely due to the large proportion of slow-turnover compounds
(e.g., starch and pinitol) in needles compared to broadleaves. These compounds generally have more
stable seasonal δ13C variation than other carbohydrates [11,42,43] and can strongly dampen the overall
δ13C signals of needle bulk organic matter [43,44].

Our study also found apparent post-photosynthetic C isotope discrimination among the C pools
from leaf to trunk and root (Figure 5). More importantly, our results show that the leaf (leaves of
P. koraiensis and A. mono) and trunk (trunks of P. koraiensis and F. mandshurica) respired CO2 that was
13C-enriched in comparison to the leaf and trunk organic matter of the domain species (Figure 5).
Due to the long duration of a single measurement (see Section 2.4), it was unfeasible to establish
more chambers to cover more species and at different heights or to study more replicates. Despite
this weakness in the δ13CR measurements, the results obtained by our study are more abundant than
those in many previous studies [20,45,46] and indicate the effects of post-photosynthetic C isotope
discrimination in the process of dark respiration. In the process of dark respiration, 13C-enriched
C-3 and C-4 positions in glucose are preferably used to produce pyruvate during glycolysis; then,
pyruvate is decarboxylated by pyruvate dehydrogenase (PDH) to release 13C-enriched CO2. A greater
contribution of CO2 decarboxylated in the PDH will result in more positive δ13CR [47].

Soil δ13CR was more positive than δ13C in the potential respiratory substrates, including roots,
litter, and soil on the surface; however, it was similar to δ13C in the deeper soil (Figure 5). Soil respiration
is mainly performed by autotrophic components (roots and rhizosphere microbes) and heterotrophic
components (the decomposition of litter and soil organic matter). Among the autotrophic components,
root respiration contributes significantly to soil respiration with a generally more negative δ13CR signal
compared to δ13C in root organic matter, as reviewed in [4,46,48]. Along with the relatively negative
root δ13CR, if we further assume that litter δ13CR was mildly more positive than δ13C in litter organic
matter during the process of decomposition, as shown in previous studies [49,50], more positive δ13CR

signals would still be needed from other belowground processes to produce the exact soil δ13CR

values in our forest, considering that litter respiration generally contributes less to soil respiration.
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Many studies have shown that δ13C in microbial biomass is more positive (1–2‰) relative to that
in total soil C [4,51,52], and that microbial CO2 is also more 13C-enriched compared to soil organic
matter [53]. Furthermore, the δ13C in soil CO2 seems to behave similarly to the typical patterns of
soil δ13C isotopic enrichment with soil depth. For example, Goffin et al. [54] found that soil air δ13C
in the deeper layer (10–20 cm) was more positive than that on the surface (0–10 cm) in a Scots pine
stand. Using incubated soil, Formánek and Ambus [55] also found more positive δ13C in the CO2

respired from the deeper layer (15–38 cm) than that from the surface (3–10 cm). Thus, the soil δ13CR

values observed in this study may have resulted from mixing between the δ13C signal from autotrophic
respiration and a relatively large portion of the δ13C signal from microbe decomposition of soil organic
matter, especially soil organic matter in the deeper layers, which indicates that the soil CO2 flux in our
forest was mainly from heterotrophic components.

4.2. Seasonal Variations in the δ13CR and its Linkage to Environmental Factors

The lack of replication of in situ online δ13CR measurements using non-automated systems is a
common problem in previous studies [27,56], especially for studies measuring the δ13CR of different
C pools simultaneously [12,17], including the present study. Nonetheless, the continuous δ13CR

measurements in the present study accurately captured the seasonal variation of δ13CR in the target
components. No consistent pattern was found in the δ13CR between the needles of P. koraiensis and the
leaves of A. mono throughout the growing season (Figure 4). One possible reason is that the δ13C in the
leaf respiratory substrates of P. koraiensis and A. mono experienced relatively weak seasonal variations
(Figure 3), because leaf δ13CR found to be linked with the δ13C of leaf metabolites [5,57]. By contrast,
both of the δ13CR values in the trunks of P. koraiensis and F. mandshurica showed a decreasing trend
over the growing season (Figure 4). This result is consistent with a previous study of Quercus petraea in
a temperate forest [8]; they ascribed that to the use of 13C-enriched respiratory substrates (i.e., starch)
in trunks at the beginning of the growth period. The seasonal changes in leaf δ13CR differed from
the δ13C of leaf organic matter (Figures 3 and 4), which may indicate changes in the proportion of
different respiratory substrates used in leaf respiration during the growing season [42]. However, trunk
δ13CR shared a similar seasonal variation pattern to the δ13C in leaf organic matter (Figures 3 and 4).
This may be because a large amount of assimilated photosynthate was transported through the phloem
to the trunk, and these were subsequently used as substrates for trunk respiration over the entire
growing season.

Furthermore, due to the weak seasonal variation of leaf δ13CR in P. koraiensis and A. mono, we found
no significant correlation between leaf δ13CR and the environmental variables (Table 1). It is still
unclear how the leaf δ13CR of other dominant species in our forest are linked to environmental variables
due to our limited chamber measurements. However, as the δ13C in the leaf organic matter of other
dominant species showed larger seasonal variations (Figure 3), it is expected that the leaf δ13CR of
other dominant species could have more significant seasonal variations and could be more sensitive to
environmental conditions. The trunk δ13CR in our forest was found to be negatively correlated with air
temperature (Table 1), which is consistent with the results of Maunoury et al. [8] on sessile oak in France.
Interestingly, our study found that the δ13C in trunk respiration was more sensitive to environmental
changes at a seasonal scale than that in other flux components, regardless of species. Comparably,
the successful utilization of δ13C in tree rings to reconstruct climate demonstrates that δ13C in the
structural carbohydrates in wood is closely related to environmental changes [58]. This suggests that
the specific compounds responsible for tree ring δ13C may also be responsible for the δ13C in trunk
respiration, resulting in the sensitivity of trunk δ13CR to environmental factors.

Soil δ13CR showed a relatively stable variation over the growing season (Figure 4). Variability
in soil δ13CR has been linked to environmental factors such as air temperature, soil moisture, VPD,
and photosynthetically active radiation [6,13,59,60]. Our results found that soil δ13CR had no significant
correlation with environmental factors except for global radiation (Figure 6 and Table 1). This result
is partly supported by Bowling et al. [56], who measured soil δ13CR in a US subalpine forest using
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chambers. The authors’ results showed that environmental forcing does not induce temporal variation
in soil δ13CR. The lack of a linkage between soil δ13CR and environmental factors at our site could be
due to the lack of in soil δ13CR variation during the growing season. The large range in potential soil
respiratory substrates [3] and the correspondingly large range of δ13C values could also have dampened
the isotopic linkage between soil δ13CR and current environmental conditions. Moreover, a recent
study suggested that variations in soil δ13CR are mainly derived from diffusive fractionation rather
than biological causes [32], which provides another possible explanation for the weak relationship
between soil δ13CR and the environmental factors we found.

4.3. δ13Ceco Reveals Short-Term Links between Aboveground and Belowground Processes

The δ13Ceco calculated by the Keeling plot method using nighttime δ13C and CO2 profile data
represents the integrated δ13C of the CO2 produced by all above- and belowground respiring
components in the forest. The results showed that the average δ13Ceco in the growing season is
between the average δ13CR of the trunk and the soil (Figure 5), which is consistent with the results
reported by Wingate et al. [17].

From a short-term perspective, aboveground vegetation could determine the biogeochemical
processes belowground through, for example, newly fixed photoassimilates transport to roots, which
then contribute to soil respiration. This linkage between assimilates and respiration could be revealed
by relating the δ13C of ecosystem respiration to environmental factors but with a time lag from hours
to days [9,10,16,61]. For example, Fessenden and Ehleringer [59] found that soil moisture measured
at a 40 cm depth was negatively correlated with δ13Ceco on the day of the measurements in an
old-growth coniferous forest. Scartazza et al. [62] also found a negative relationship between soil
moisture measured at 70–88 cm depth and δ13Ceco measured on the same day in a beech forest, whereas
Mortazavi et al. [6] found that δ13Ceco was negatively correlated to soil moisture for 7 days before
δ13Ceco measurements. The negative correlation between soil moisture and δ13Ceco was also found
to be significant in a Douglas-fir forest but not in a ponderosa pine forest [63]. However, our results
suggest that the correlation between soil moisture and δ13Ceco is positive but weak and that a lag of
10 days provides the best correlation (Table 2).

The VPD was found to be positively related to δ13Ceco after a lag of 3 days [63], 3–4 days [6],
4–5 days [14,61], or 5–10 days [16]. Again, our results show an opposite correlation pattern between
VPD and δ13Ceco compared to previous studies, and a lag of 10 days gave the best (but still weak)
correlation (Table 2). In previous studies, Bowling et al. [64] and Schaeffer et al. [65] found no correlation
between δ13Ceco and soil moisture or VPD. We also found that δ13Ceco has no significant correlation
with the other environmental factors we measured, regardless of the time lag (Table 2). The weak
impact of air temperature, VPD, and soil moisture on δ13Ceco in our study reflects the weak link
between assimilation and respiration at a seasonal scale. Additionally, stronger correlations were
reported by Schaeffer et al. [65] after they separately calculated the δ13Ceco using data within or below
the canopy by selectively removing periods when the air within and below the canopy was well mixed.
These findings suggest that the environmental controls for δ13Ceco may also be influenced by other
factors, such as the canopy’s aerodynamic properties.

Although we found different seasonal isotopic patterns in different respiratory C pools and
different environmental factors can contribute differently to the δ13CR of those pools over the entire
growing season, some strong correlations were still observed between the δ13CR of the leaf, trunk,
and soil and the δ13Ceco. The most obvious occurred in May, when the δ13C from respiratory C pools
as well as the ecosystem showed decreasing trends (Figure 4). These distinct decreases may have
resulted from unique extreme weather events in May, when the ecosystem received a large amount of
global radiation but less rainfall, which led to an overall increase in VPD, a decrease in soil moisture,
and a large temperature difference between the air and the soil (Figure 2). The concurrent decrease in
δ13CR and δ13Ceco suggests that although the linkage between assimilates and respiration was weak at
a seasonal scale in our study, recently fixed assimilates could be allocated to the location of respiration
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in a short period of time, indicating a quick link between different respiration pools and assimilation at
the beginning of the growing season in the coniferous and broad-leaved mixed forest.

5. Conclusions

Overall, the observed difference in seasonal variation in photosynthetic discrimination between
the deciduous broadleaved and evergreen needle species in our forest indicated a remarkable difference
in C assimilation between them. As expected, post-photosynthetic discrimination explained the
substantial isotopic differences among C pools and their respiratory fluxes during the process of
photosynthate allocation and respiration. Compared to leaf and soil δ13CR, trunk δ13CR was more
sensitive to environmental changes and related to the seasonal patterns of leaf δ13C, which suggests
that trunk δ13CR has great potential as a way to record discrimination-encoded biochemical and
physiological information related to C cycling. In addition, the linkages between environmental factors
and δ13Ceco were not constant, which complicates the use of δ13Ceco to determine the linkage between
assimilation and respiration. We conclude that the effects of environmental changes on C isotope
discrimination can be distracted through a number of processes during C transfer.

We suggest that the combined effect of multiple environmental factors and the potential time
lags should be addressed carefully when evaluating the long-term temporal changes of δ13CR and
δ13Ceco. Apart from the biological impacts initiated by controlling the photosynthetic rate and stomatal
openness, the physical parameters, such as aerodynamic conditions (e.g., atmospheric stability) and
the conditions of the soil–atmosphere diffusion systems may also regulate δ13Ceco, although they
seem to act as distracters, impairing the relationship between environmental factors and δ13Ceco.
Furthermore, soil δ13CR and δ13Ceco integrate the δ13C signals of multiple tree species with different
C assimilation and transfer patterns in mixed forests. In these respects, the present study expands
our knowledge of C isotope discrimination in mixed forests with multiple tree species and effectively
promotes a comprehensive consideration of the influencing factors related to isotopic variation within
process-based ecosystem models.
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Abstract: Canopy species need to shift their adaptive strategy to acclimate to very different light
environments as they grow from seedlings in the understory to adult trees in the canopy. However,
research on how to quantitively detect ecological strategy shifts in plant ontogeny is scarce. In this
study, we hypothesize that changes in light and tree height levels induce transitions in ecological
strategies, and growth phases representing different adaptive strategies can be classified by leaf trait
variation. We examined variations in leaf morphological and physiological traits across a vertical
ambient light (represented by the transmittance of diffuse light, %TRANS) and tree height gradient
in Parashorea chinensis, a large canopy tree species in tropical seasonal rainforest in Southwestern
China. Multivariate regression trees (MRTs) were used to detect the split points in light and height
gradients and classify ontogenetic phases. Linear piecewise regression and quadratic regression were
used to detect the transition point in leaf trait responses to environmental variation and explain the
shifts in growth phases and adaptive strategies. Five growth phases of P. chinensis were identified
based on MRT results: (i) the vulnerable phase, with tree height at less than 8.3 m; (ii) the suppressed
phase, with tree height between 8.3 and 14.9 m; (iii) the growth release phase, with tree height
between 14.9 and 24.3 m; (iv) the canopy phase, with tree height between 24.3 and 60.9 m; and (v) the
emergent phase, with tree height above 60.9 m. The suppressed phase and canopy phase represent
“stress-tolerant” and “competitive” strategies, respectively. Light conditions drive the shift from
the “stress-tolerant” to the “competitive” strategy. These findings help us to better understand the
regeneration mechanisms of canopy species in forests.

Keywords: ontogenetic phases; adaptive strategies; leaf functional traits; light environment; canopy
tree species

1. Introduction

Ecological strategies represent adaptations to the intensity of environmental filters involving
competition, stress and disturbance [1]. When considered as an operating process for resource allocation,
plants’ ecological strategies can be expected to shift from seedling to mature stages [1]. Differences in
light requirements among tree species underlie the major changes in vegetation composition during
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succession [2,3]. Compared with pioneers and understory species, canopy tree species exhibit a greater
change in tree stature, and very different light environments occur as they grow up from seedlings
and saplings in the understory to adult trees in the canopy. Several forest tree species have different
light requirements throughout their developmental stages [4], and ontogenetic variation in traits has
received research attention in evaluating the adaptive strategies of specific species [5]. The adaptive
strategies of canopy species throughout their ontogeny cannot be characterized by a single style.

Grime [6] proposed that there are three primary adaptive strategies in plants (CSR theory):
(1) C-selected strategy, usually with long life span and large organ size, which maximizes resource
acquisition to improve competitiveness in stable and productive habitats; (2) R-selected strategy,
in which more resources are invested in rapid growth to avoid frequent disturbance events;
and (3) S-selected strategy, which favors resource conservation for survival in resource-poor
environments. These ecological strategies are expected to be habitat- and stage-specific [7] and
are widely accepted in classifying inter-species functional types [8]. However, although CSR theory
could also be used to evaluate adaptive strategies in ontogeny [1], it is rarely applied to explain the
ontogenetic shifts of adaptive strategies in specific species, especially for tall species in forest canopies.

Leaf morphophysiological traits are the most sensitive indicators of in situ microenvironmental
changes from the understory to the canopy life stages of individual species [9], and this leaf trait-based
method can be used to classify adaptive strategies in the different growth phases of canopy species.
Pierce et al. [10] summarized three main extreme trait syndromes concerned with adaptive strategies:
(i) tall plants with large leaves, intermediate leaf economics and intermediate flowering start and
flowering period (C-selected strategy); (ii) short plants with small leaves, conservative leaf economic
trait values (e.g., low specific leaf area and leaf nitrogen concentrations) and a brief reproductive phase
(S-selected strategy); and (iii) short plants with small leaves, highly acquisitive leaf economics and
early, prolonged reproductive development (R-selected strategy). This triangle suggests that leaf traits
reflect key components of the leaf economics spectrum, and leaf size could provide “a dependable
common reference frame for the quantitative comparison of the wider primary adaptive strategies of
plants from highly contrasting habitats” [11].

For trees in closed-canopy forests, light levels associated with canopy position and local tree
crowding are a major axis of ontogenetic environmental change [12]. As a result, forest tree species
have different light requirements throughout their developmental stages [4]. For canopy species at
the community level, the leaf mass per area (LMA), photosynthetic capacity at the light saturation
point (LSP), light compensation point (LCP) and maximal net assimilation rate (Amax) increase with
light availability and tree height [13]. These effects are associated with positive responses of Rubisco,
total nitrogen and light-harvesting complex (LHC) polypeptide contents to the vertical light gradient [4].
Not only the light conditions in a habitat but also inherent ontogenetic traits such as size or height
growth could also lead to variations in traits [5]. An increasing canopy height can increase hydraulic
limitations of the leaf structure, which can increase the leaf tissue density and cell wall thickness
and reduce the mesophyll air space, potentially restricting mesophyll conductance to CO2 and
photosynthesis [14]. As a result, leaf structure or defense-related traits such as LMA, leaf thickness and
leaf carbon content increased monotonically with tree height [15]. Moreover, age- and size-dependent
declines in leaf nitrogen concentration and Amax in tall trees were reported [16,17], and reproductive
onset [15,18] over the canopy layer could lead plants to invest more resources in competition and affect
leaf morphological and physiological adaptations. All these variations in leaf traits throughout the life
history of canopy species indicated the existence of strategic shifts in tree ontogeny.

Parashorea chinensis (formerly Shorea chinensis or Shorea wantianshuea), in the family
Dipterocarpaceae, is a dominant canopy tree species in the Xishuangbanna tropical seasonal rainforest.
Adult individuals of P. chinensis occur in the emergent layer at a height of approximately 60 m [19–21].
P. chinensis begins reproducing at 30–40 cm diameter at breast height (DBH) and approximately
60–80 years old [22]; the largest individuals can reach 1.5 m DBH and over 180 years old [23].
P. chinensis is a typical canopy species with shade-tolerant seedlings; previous studies suggested that
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irradiance is not a limiting factor for seed germination of P. chinensis, and partial shading favored
seedling growth [24]. He et al. [25] reported that leaf morphological traits such as LMA have a positive
relation with tree height of P. chinensis in the canopy layer, but we still need more ontogenetic evidence
to explain the variations in strategy from understory to canopy. In this study, a canopy crane was used
to measure morphology and photosynthesis-related leaf traits of sample trees of P. chinensis in the
forest at different life stages. The following hypotheses were tested: (1) insufficient ambient light in
the understory leads to a stress-tolerant strategy in P. chinensis, and with the growth in tree height,
the increased light conditions induce a shift from stress-tolerant strategy to release growth; (2) with
the continuous height growth above the main canopy, hydraulic limitation limits plant growth and
changes the adaptive strategy to relatively competitive; (3) all these shifts in adaptive strategy can be
detected by variation in leaf traits, and based on the threshold level of light or height, the ontogenetic
growth of P. chinensis can be classified into several phases. To test these hypotheses, variations in both
morphological traits (LMA, leaf area and leaf thickness) and physiological traits (leaf dark respiration
rate (Rd), Amax, LCP, LSP, leaf nitrogen content and carbon-nitrogen ratio (C:N ratio)) across a vertical
ambient light and tree height (sapling to adult) gradient in P. chinensis were examined, and different
growth phases of P. chinensis were also detected by quantitative evaluation of leaf traits in response to
height and light variance.

2. Materials and Methods

2.1. Study Area

This study was performed in a tropical seasonal rainforest in Xishuangbanna, Southwestern
China (101◦34′ E, 21◦36′ N). This region is predominated by a typical monsoon climate that alternates
between a dry season (November–April) and a rainy season (May–October). The mean air temperature
is 21.8 °C, and the mean annual precipitation is 1493 mm [20].

The tropical seasonal rainforest in this area is distributed in lowlands, valleys and hills with
sufficient water supply [19]. The emergent layer of the forest in the present study was dominated by
P. chinensis; its canopy can reach an average height > 45 m and approaches approximately 60 m for
individuals in the emergent layer. P. chinensis also showed the largest basal area among all the tree
species in the 20 ha Xishuangbanna tropical seasonal rainforest dynamics plot (XTRDP) [20]. The main
canopy layer (approximately 30 m high) is dominated by Sloanea tomentosa, Pometia pinnata (formerly
Pometia tomentosa) and Semecarpus reticulatus [20].

The canopy crane in the same tropical seasonal rainforest (TCT7015-10E, Zoomlion Heavy
Industry, Changsha, China) was built in December 2014, approximately 300 m away from the XTRDP.
The maximum operational height of this crane is 80 m (the maximum canopy height around the
crane is approximately 60 m), and the jib length is 60 m (Figure 1). Centered at the base of the crane,
a 120 m × 120 m ancillary plot was established for plant species inventory in 2014. A total of 6928
individuals of 217 woody tree species with a DBH ≥ 1 cm were recorded in the plot of 1.44 ha, and
P. chinensis had the highest relative importance values (21.73%) (Table S1). The forest structure and
species composition in the crane plot are similar to those in the XTRDP [20].

A total of 21 P. chinensis individuals from 0.6 to 66.5 m tall (with diffuse transmittance from 0.30%
to 100%) in the plot were sampled and measured from October to November in 2016 and September to
October in 2017, at the end of the rainy season, which is also the main growing season for most local
plants. The weather had enough sunny days so we could operate the crane and conduct measurements
in the field. In total, 34 workdays were actually taken for field measurements. The tree height of each
selected individual was measured with a tape measure from the crane.
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Figure 1. Vertical profile of the Xishuangbanna tropical seasonal rainforest with the canopy crane.

2.2. Light Conditions

The spatial and temporal distribution of light in the understory is quite heterogeneous, and the
measurement of direct light becomes difficult for long time spans or with too many samples [26].
Indirect measurements, such as the transmittance of diffuse light (%TRANS, sometimes presented as
the diffuse non-interceptance, DIFN), are also acceptable to estimate light conditions. A methodological
comparison previously showed that %TRANS measured with LAI-2000 has a good fit with directly
measured long-term PPFD in the understory of a tropical forest [26]. In the present study, we measured
%TRANS above each sampled tree with LAI-2200 (LI-COR, Inc., Lincoln, NE, USA), an upgraded
vision of LAI-2000 (LI-COR, Inc., Lincoln, NE, USA). Open sky measurements were collected on top of
the crane, and each individual was measured at the crown top with five repeats. A 270◦ view cap was
used to prevent the crane jib from obstructing the view. The repeated measurements of each individual
were used to adjust the open sky measurements with FV2200 software (LI-COR, Inc., Lincoln, NE,
USA) and to estimate diffuse transmittance.

2.3. Leaf Dark Respiration Rate (Rd)

Five leaves on sun-exposed terminal shoots were selected from the upper- and outermost crown of
each individual, and all measurements (including Rd, light-response curve, leaf area, thickness, LMA,
leaf nitrogen and carbon) were performed in same leaf. Prior to sunset (approximately 6.00 p.m.) on the
day before the respiration measurements, the leaves were covered with thin aluminum foil so that they
were not exposed to sunlight until the measurements. The abaxial side was not completely covered
to allow free gas exchange. Because the leaves were covered overnight, the effects on respiration of
light-enhanced dark respiration [27] and light-induced metabolites and respiratory gene expression [28]
were avoided in the measurements.

The Rd was measured using a portable infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE,
USA) at ambient humidity of 60%–90%, while the CO2 concentration was maintained at 400 ppm
with the built-in CO2 mixer. The block temperature of the LI-6400 instrument was set to the ambient
temperature in this study, approximately 26.9 ± 3.5 °C (mean value ± standard deviation), and the
vapor pressure deficit (VPD) in the cuvette was maintained at 1.1 ± 0.3 kPa. The system stability was
assessed by “stableF” in LI-6400 output, which indicated the comprehensive stability of CO2, H2O
and flow in the cuvette, and the value varied from 0 to 1 (1 = stable, 0 = not) (LI-COR 2011). In this
measurement, the stability is 0.9 ± 0.1.

Each leaf was measured for 1 min (recorded every 3 s) the following morning (between 8:00 a.m.
and 11.00 a.m.) at ambient temperature, and a mean value of 1 min was used as the Rd for each leaf.

After the Rd measurement, leaves with their shoots were cut, and the bases were immersed in
deaerated water and transported to the laboratory for additional trait measurements.
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2.4. Light-Response Curve

The swinging of the crane basket made it difficult to measure a light-response curve in situ,
because this measurement requires clamping a leaf for more than one hour and the photosynthesis
of P. chinensis decreased at midday [29]; the use of detached shoots could eliminate these immediate
effects of path length and gravity on gas exchange [30]. In this study, we used detached shoots to isolate
the influence of any height-related trends in foliar structure on the various gas exchange parameters, a
method applied in previous studies on P. chinensis [31]. Although excised branches lead to a reduction
in photosynthetic rate and respiration rate [32], the purpose of this study was to detect the tendency of
variation in leaf traits between ontogenetic phases rather than measuring the absolute value of traits,
so the systematic bias from excising branches was acceptable. The Rd_area in situ and the respiration
rate under 0 μmol·m−2·s−1 PPFD in the light-response curve (Rd_area’) were consistent, with little bias
due to excision (Figure S1).

The light-response curve (A-Q curve) was measured with a LI-6400 instrument equipped with a
6400–02B LED source and CO2 injector. The cuvette CO2 was set to 400 ppm, the relative humidity was
40%–70%, the air flow was 500 μmol·s−1, the leaf temperature was approximately 30 °C, the VPD was
1.3 ± 0.4 kPa, and the system stability was 0.9 ± 0.1. After light adaptation under 1000 μmol·m−2 s−1

(the adaptation time depended on the stomatal situation and was often more than 30 min), the PPFD
gradient was set as follows: 1800, 1500, 1200, 900, 600, 300, 150, 70, 30, 15, and 0 μmol·m−2 s−1.
The leaves were allowed to equilibrate for at least 3 min under each PPFD gradient based on the
stability of stomatal conductance (gs) (the fluctuation of gs in same leaf in same gradient during 1 min
was 1.9 ± 1.7 mmol m−2·s−1). The instrument was matched before the measurement in each PPFD
gradient. The branch samples were measured within 8 h of excision.

The following model was used to analyze the A-Q curve [33]:

An = Amax

(
1−C0·e−α · PPFD · A−1

max

)
(1)

where Amax is the area-based maximal net assimilation rate, α is the efficiency of the quantum yield in
weak light, and C0 is a constant.

The LSP and LCP calculations were performed using the following equations [33]:

LCP = Amax × ln (C0) × α−1 (2)

LSP = Amax × ln (100 × C0) × α−1 (3)

2.5. Leaf Mass per Area (LMA), Leaf Nitrogen, and Carbon

After the gas exchange measurements, the leaf lamina thickness of fresh leaves was determined
using a digital caliper (accuracy: 0.01 mm, No. 111–101–40, Guanglu Co., Guilin, China) based on the
mean value of three repetitive measurements across the lamina while avoiding major veins. The areas
of the leaves were measured with a leaf area meter (LI-3000C, LI-COR Inc., Lincoln, NE, USA). After
then, all leaves were dried at 60 ◦C in an oven for 3 days and the leaf dry mass was measured. The
petiole of P. chinensis is short (1–3 cm), and we included it in the measurement of leaf area and leaf mass.

The dried leaves were then pulverized, and the leaf nitrogen and carbon contents were determined
with an elemental analyzer (Vario ISOTOPE Cube, Elementar Analysensysteme GmbH, Langenselbold,
Germany) at the Central Laboratory of Xishuangbanna Tropical Botanical Garden, Chinese Academy of
Sciences. Photosynthetic nitrogen use efficiency (PNUE) was calculated by the ratio of the area-based
maximal net assimilation rate to leaf nitrogen content per area (Narea) [34].

2.6. Statistical Analysis

The value of light intensity was log-transformed in this study, for light often shows a curved,
asymptotic relationship with height [13] and LMA [5,35].
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We used multivariate regression trees (MRTs) to cluster growth phases. This method is applied
to analyze complex ecological data that may include imbalanced or missing values, nonlinear
relationships between variables, and high-order interactions [36]. Height and ln(%TRANS) were
explanatory variables, and leaf traits including LCP, LSP, PNUE, C:N ratio, leaf thickness, LMA, Rd_area,
Amax_area, Narea, Rd_mass, Amax_mass, Nmass, and leaf area were response variables in MRTs. All variables
were standardized in this analysis.

Regression trees are summarized by their size (the number of leaves) and overall fit. Fit is defined
by relative error (RE): the total impurity of the leaves divided by the impurity of the root node (the
undivided data). RE gives an over-optimistic estimate of how accurately an MRT will predict new data,
and predictive accuracy is better estimated from the cross-validated relative error (CVRE). CVRE varies
from zero for a perfect predictor to close to one for a poor predictor [36].

The size of the MRT was selected by cross-validation that generates a series of MRTs with only
marginally worse predictive ability than the best predictive MRT. From this series, the smallest MRT
within one standard error of the best is often selected (the 1-SE rule; [37]).

Because of the discontinuous variation of light availability with increasing tree height, traits such
as LMA and leaf area may be highly correlated with light in the lower crown, but the relationships
become weaker in the upper crown [5,38]. Hence, linear approaches such as multiple regression could
not be used to distinguish the effects of height versus light on these variables [38]. Therefore, linear
piecewise regression was used to model traits vs. height (or ln(%TRANS)) to determine the stage at
which the trait value may not respond to increasing height (or ln(%TRANS)) levels. Model parameters
are presented in Tables S2 and S3.

To better predict the “hump-shaped” variation in traits such as area-based maximal net assimilation
rate (Amax_area), leaf area, and the C:N ratio with increasing tree height, quadratic regressions
(traits = β0 + β1 × height + β2 × height2) were also used, and the model parameters are presented in
Table S4. R program v3.6.0 [39] was used for this data analysis, and MRTs were constructed using the
“mvpart” package in R.

3. Results

3.1. Tree Size and Light Availability

Quadratic regressions described the positive relationship between DBH and tree height of P.
chinensis very well (height = 2.8598 + 0.8863 × DBH – 0.0030 × DBH2, r2 = 0.973, F = 362.1, P < 0.01;
Figure 2). Considering that the tree height could better reflect the effect of hydrostatic limitation,
we selected tree height instead of DBH to represent tree size in this study.

 

Figure 2. Relationship between tree height and diameter at breast height (DBH) of P. chinensis. The curve
indicates the quadratic regression result.
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Light availability was promoted as a result of increasing tree height up to 27.4 m (r2 = 0.804,
F = 54.14, P < 0.01; Figure 3; Table S2), and the transmittance of diffuse light varied from 0.3% at 3.7 m
to 100% at ≥ 21.2 m. When a tree grew higher than 27.4 m, the linear model became nonsignificant
(r2 = 0.262, F = 3.12, P = 0.13).

Figure 3. Relationship between height (x) and ln(%TRANS) (y). Lines indicate linear piecewise
regression results; solid lines denote significant relationships (P < 0.05), and broken lines denote
nonsignificant relationships. Phase partitions were determined based on the results of multivariate
regression tree (MRT). Note that a natural log scale is used on the Y-axis.

3.2. Growth Phases

Based on the 1-SE rule, the CVRE result generated an MRT size of five leaves (when size of tree = 5,
CVRE ± SE = 0.544 ± 0.086, RE = 0.204; Figure 4). Four splits were presented in MRT (Figure 5):
%TRANS determined the first split (18.33%), and other splits were mainly driven by tree height (8.3,
24.3, 60.9 m; Figure 5).

Figure 4. Variation in relative error with the size of the multivariate regression tree. Open circles indicate
the relative error, and filled circles indicate the cross-validated relative error (CVRE). The vertical bars
indicate one standard error for the CVRE, and the dashed line indicates one standard error above the
minimum cross-validated relative error.
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Figure 5. Multivariate regression tree for the leaf traits data. All data include explanatory variables
(height and ln(%TRANS)), and response variables (leaf traits) were standardized in MRT analysis, but
the explanatory variables were restored to raw values in this figure for clarity. Bar plots show the
multivariate traits’ mean at each node. The cyclical shadings (white, gray, and black) indicate the
various traits and run from left to right across the bar plots.

3.3. Leaf Morphological Trait Transition Point of P. chinensis

LMA had a positive relationship with both tree height (Figure 6a) and light gradient (Figure 6b).
The piecewise regression indicated that the LMA of P. chinensis increased significantly with tree
height growth up to 21.2 m, although the slope of the linear model decreased at tree heights above
21.2 m (with height < 21.2 m, slope = 2.0735, r2 = 0.853, F = 70.81, P < 0.001; with height ≥ 21.2 m,
slope = 0.8900, r2 = 0.490, F = 7.72, P = 0.03; Figure 6a). Increasing light also significantly promoted
LMA in the understory (with ln(%TRANS) < −0.278 or diffuse transmittance < 75.73%, r2 = 0.721,
F = 34.7, P < 0.001; Figure 6b).

Although the negative relationship between leaf area and tree height above the main canopy
layer appeared to be nonsignificant in the linear piecewise regression (with height < 9.1 m, r2 = 0.864,
F = 45.27, P < 0.01; with height ≥ 9.1 m, P > 0.05; Figure 6c), quadratic regression of leaf area vs. tree
height showed a significant effect (r2 = 0.671, F = 21.35, P < 0.001) and indicated that the highest leaf
area appeared at a height of 37.1 m (Table S4).

Leaf area had a significant linear relationship with increasing diffuse light in the understory (with
ln(%TRANS) < −0.132 or diffuse transmittance < 87.63%, slope = 10.766, r2 = 0.601, F = 22.06, P < 0.001).
After the tree crown was exposed to high light conditions with diffuse transmittance ≥ 87.63%, the
leaf area decreased with increasing ln(%TRANS) (Figure 6d). The quadratic regression detected that
leaf area vs. ln(%TRANS) had a lower r2 (r2 = 0.449, F = 9.13, P < 0.01) than leaf area vs. tree height
(Table S4).
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Figure 6. Leaf morphological traits such as LMA, leaf area, and thickness plotted against tree height
(a,c,e) and light (represented as ln(%TRANS)) (b,d,f). Lines indicate the linear piecewise regression
results; solid lines denote significant relationships (P < 0.05), and broken lines denote nonsignificant
relationships. The curves indicate the quadratic regression results. Note that a natural log scale is used
on the X-axis in panels (b,d,f).

Leaf thickness could increase linearly with increasing tree height (with height < 59.6 m, r2 = 0.595,
F = 24.54, P < 0.001 (Figure 6e)), but the linear relationship between leaf thickness and diffuse
transmittance was not significant (Figure 6f). Quadratic regression also indicated that leaf thickness
and tree height had positive relationship during the whole life history (Figure 6e), and the lowest
thickness appeared at 2.50% diffuse transmittance (Figure 6f; Table S4) at the height of around 6.3 m
(converted by ln(%TRANS)-height model in Table S2).

3.4. Physiological Trait Transition Point of P. chinensis

Rd_area showed the lowest value at 57.3 m in the quadratic model (Figure 7a), and the height-related
piecewise linear model of Rd_area was divided into two parts at 17.5 m (Figure 7a). Rd_area had only
one unique significant linear relationship throughout almost all light gradients in piecewise linear
regression (Figure 7b).
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Figure 7. Area-based physiological traits such as Rd_area, Amax_area, and Narea plotted against tree height
(a,c,e) and light (represented as ln(%TRANS)) (b,d,f). Lines indicate the linear piecewise regression
results; solid lines denote significant relationships (P < 0.05), and broken lines denote nonsignificant
relationships. The curve indicates the quadratic regression result. Note that a natural log scale is used
on the x-axis in panels (b,d,f).

Amax_area had a “hump-shaped” correlation with tree height growth, a transition point in linear
piecewise regression at an intermediate position in the whole height gradient (42.1 m; Figure 7c), and a
similar peak value in the quadratic regression of Amax_area vs. tree height (highest Amax_area = 10.7 μmol
CO2 m−2 s−1 at 37.7 m high, r2 = 0.766, F = 33.66, P < 0.001). Amax_area had a significant linear correlation
with light promotion in the understory (with ln(%TRANS) < −0.278 or diffuse transmittance < 75.73%,
r2 = 0.760, F = 42.24, P < 0.001; Figure 7d), but the quadratic model of Amax_area vs. ln(%TRANS) had a
lower r2 (r2 = 0.534, F = 12.45, P < 0.001) than leaf area vs. tree height (Table S4).

Narea had a positive relationship with tree height growth, but the slope of the linear model
decreased at tree height ≥ 21.2 m (slope = 0.019, r2 = 0.459, F = 6.93, P < 0.05; Figure 7e). Only one
significant linear model was detected in the understory (with ln(%TRANS) < −0.278 or diffuse
transmittance < 75.73%, r2 = 0.660, F = 26.22, P < 0.001; Figure 7f).

The increase in tree height significantly reduced Rd_mass up to 17.5 m (r2 = 0.700, F= 26.73, P < 0.01),
and the quadratic model indicated the lowest Rd_mass occurring at 43.5 m (Figure 8a). The quadratic
term in quadratic regression of Rd_mass vs. ln(%TRANS) was nonsignificant (P > 0.05; Table S4), and
Rd_mass linearly decreased throughout the process of light improvement (r2 = 0.719, F = 52.08, P < 0.01;
Figure 8b).
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Figure 8. Mass-based physiological traits such as Rd_mass, Amax_mass, Nmass, and photosynthetic nitrogen
use efficiency (PNUE) plotted against tree height (a,c,e,g) and light (represented as ln(%TRANS))
(b,d,f,h). Lines indicate the linear piecewise regression results; solid lines denote significant relationships
(P < 0.05), and broken lines denote nonsignificant relationships. The curve indicates the quadratic
regression result. Note that a natural log scale is used on the X-axis in panels (b,d,f,h).

Mass-based maximal net assimilation rate (Amax_mass) had a “hump-shaped” curve with both
height (Figure 8c) and light (Figure 8d) gradient. Amax_mass had a significant negative relationship
with tree height growth beginning at a height of 4.6 m (piecewise regression: r2 = 0.425, F = 12.09,
P < 0.01; Figure 8c) or 43.5 m (quadratic regression: r2 = 0.778, F = 35.98, P < 0.001), and light condition
improvement only significantly reduced Amax_mass once more than 3.5% of the transmittance consisted
of diffuse light in piecewise linear regression (or −3.352 in ln(%TRANS); r2 = 0.606, F = 20.96, P < 0.01;
Figure 8d), or 8.22% of diffuse transmittance in the quadratic model (r2 = 0.477, F = 10.14, P < 0.001,
Table S4).

Nmass had the highest value at 39.9 m in the quadratic model (r2 = 0.494, F = 10.77, P < 0.001;
Table S4). Piecewise linear regression showed a significant linear increase in Nmass with height growth
up to 27.4 m (slope = 0.148, r2 = 0.478, F = 12.9, P < 0.01). Although the quadratic term in the quadratic
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model of Nmass vs. light was nonsignificant (P > 0.05, Table S4), Nmass only had a significant linear
increase with ln(%TRANS) up to −1.808 (representing 16.4% transmittance; slope = 0.7143, r2 = 0.337,
F = 6.074, P < 0.05), and the relationship between Nmass and higher height or light gradient was not
significant in piecewise regression (Figure 8e,f).

The tendency of PNUE in terms of both height and light was quite similar to that of Amax_mass

(Figure 8g,h), and the transition point of the linear piecewise regression in PNUE was 4.6 m in the height
model and −3.65 ln(%TRANS) (representing 2.60% transmittance) in the light model. In quadratic
regression, the transition point in PNUE was 25.3 m in the height model and 7.23% transmittance in
the light model (Table S4).

LCP showed a positive relationship with height (Figure 9a) and light (Figure 9b) in either the linear
or quadratic model. In piecewise regression, LCP was stable before the tree height reached 13.5 m
(Figure 9a). Subsequently, it increased linearly with tree height growth (r2 = 0.706, F = 24.95, P < 0.001).
Although LCP increased with improved light conditions and a transition point at 16.40% transmittance
of diffuse light (ln(%TRANS) = −1.808) was observed in piecewise regression, no significant piecewise
linear relationship was found between LCP and ln(%TRANS) (Figure 9b).

 

Figure 9. Light compensation point (LCP), light saturation point (LSP), and carbon-nitrogen ratio (C:N
ratio) plotted against tree height (a,c,e) and light (represented as ln(%TRANS)) (b,d,f). Lines indicate
the linear piecewise regression results; solid lines denote significant relationships (P < 0.05), and broken
lines denote nonsignificant relationships. The curve indicates the quadratic regression result. Note that
a natural log scale is used on the X-axis in panels (b,d,f).

LSP showed a significantly linear increase with tree height up to 27.4 m (r2 = 0.751, F = 40.28,
P < 0.001; Figure 9c), after which the trend became nonsignificant (r2 = 0.077, F = 1.50, P = 0.275).
The quadratic model of LSP vs. tree height had a peak value at 41.8 m (Table S4). High light could
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significantly promote LSP in quadratic regression (r2 = 0.572, F = 14.36, P < 0.001), but the piecewise
linear regression was nonsignificant (Figure 9d).

Linear piecewise regression showed a C:N ratio transition point at 27.4 m in the height-related
model or 16.40% transmittance (or −1.808 in ln(%TRANS)) in the light-related model, but all the linear
models were nonsignificant (P > 0.05; Figure 9e,f). By contrast, the relationship of the C:N ratio vs.
height could be predicted by a significant quadratic model (r2 = 0.333, F = 5.99, P < 0.05), and the
lowest predicted C:N ratio (18.30) appeared at a height of 37.8 m. In fact, the quadratic model of
the C:N ratio vs. height had a higher r2 than the quadratic model of the C:N ratio vs. ln(%TRANS)
(r2 = 0.198, F = 3.47, P > 0.05).

4. Discussions

4.1. Relationships between Variations in Leaf Traits

Photosynthetic traits such as respiration rate and LCP play an important role in determining
a plant’s tolerance to low light levels [40]. P. chinensis has low LCP and Rd_area in the understory,
which allows its seedlings and treelets to conserve carbon better than trees in the canopy stage and to
gain carbon better, having net photosynthesis at lower light levels [41]. The trade-off between low
respiration rates and high maximum photosynthetic rates of P. chinensis in habitat shift from understory
to canopy reflected its change in adaptive strategy: conservation of carbon in shaded habitats, which
indicates a “stress-tolerant” strategy; increased photosynthesis in high light environments, representing
a competitive strategy. All the strategies described here were inferred only relative to ontogenetic
adaptation in P. chinensis, which only reflected the similarity between the leaf traits in the different
phases with those of the Grimes’ strategies.

Investing more nitrogen in proteins to limit the light saturation rate of photosynthesis can improve
photosynthesis under high light conditions [42]; therefore, P. chinensis has higher Nmass and LSP under
high light transmittance (Figure 5f). These increased photosynthetic activities could promote leaf
respiration rate in the dark [43], leading to a close negative relationship between Rd_mass and the light
gradient (Figure 8b).

Amax_area and LSP increased with tree height in understory but decreased in very tall trees,
while Amax_mass and PNUE peaked at low %TRANS (3.50% for Amax_mass and 2.60% for PNUE) and
then monotonically decreased with height (Figure 8c,g). This difference between area- and mass-based
characteristics was similar to the findings in a previous report on other tropical canopy trees [44] and
can probably be attributed to the finding that area-based characteristics mainly depend on LMA, while
mass-based characteristics mainly depend on chlorophyll content per unit dry mass [42].

Although He et al. [25] reported that both leaf thickness and LMA have positive correlations with
tree height of P. chinensis in the canopy layer, the increasing tendency with increased tree height differs
between leaf thickness and LMA. Increasing height seems to be the main factor affecting leaf area
throughout ontogeny (Figure 6e) and is correlated with a linear increase in leaf thickness of P. chinensis
from seedlings to very tall trees. This pattern corresponds to an increase in palisade and mesophyll
cells [42] and results in greater chlorophyll per unit dry mass with tree height growth. However, the
leaf area of P. chinensis displayed a quadratic relation with height growth (Figure 6c), and the piecewise
linear regression of LMA vs. tree height showed different slopes beginning at a height of 27.4 m
(Figure 6a), which demonstrates that the effect of light conditions on LMA must be taken into account
in the understory. Although hydraulic limitations with the height gradient can potentially limit leaf
development as indicated by increasing LMA [14,35], high light availability could also lead to thicker
leaves as a result of thicker palisade mesophyll cell layers, which maximize light capture [45]. The light
gradient in the understory could enhance the sensitivity of LMA to the change in tree height, but after
the tree crown overtopped the main canopy layer, the saturated light conditions could not further
increase LMA. Both light and height conditions contributed to the ontogenetic variability of LMA.
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4.2. Growth Phases and Adaptive Strategies of P. chinensis

MRT analysis showed that the leaf trait combinations throughout the ontogeny of P. chinensis
could be divided into five phases. The first split was divided by the diffuse transmittance at 18.33%,
which indicated the importance of ambient light conditions for leaf trait acclimation in the ontogeny of
P. chinensis.

The other three splits were mainly driven by height, at 8.3, 24.3, and 60.9 m. The effects of tree size
at 8.3 m may be combined with light acclimation because the height and light are always positively
correlated in the understory and within the canopy [5]. The other two splits, at 24.3 and 60.9 m,
occurred in trees exposed to a light-saturated environment; thus, other age-specific environmental
filters, such as hydraulic limit and reproductive onset, are expected to drive selection towards specific
resource-investment strategies for these specific height gradients.

With further combination with the transition points of linear piecewise regression (Tables S2
and S3) (or peak value of the quadratic regression, Table S4) in leaf traits vs. environmental factors,
five phases in MRT were redefined as the vulnerable phase, suppressed phase, growth release phase,
canopy phase, and emergent phase to better describe the growth strategies in different phases of
P. chinensis. Split levels of height and corresponding diffuse transmittance are listed in Table 1.

Table 1. Growth phases and changes in the adaptive strategy of leaf traits of P. chinensis. The letters
in the strategy column indicate the following: C-relatively “competitive” strategy; S-relatively
“stress-tolerant” strategy.

Growth Phase
Transmittance of

Diffuse Light
Tree Height DBH Strategy

Representative Traits
(Variation Tendency)

Emergent 100% 60.9 m ≥96.8 cm – Leaf area and
Amax_area (decline)

Canopy 100% 24.3–60.9 m 26.7–96.8 cm C Leaf area and
Amax_area (highest)

Growth release 18.33–100% 14.9–24.3 m 14.8–26.7 cm _ All traits (rapid
change)

Suppressed 3.94–18.33% 8.3–14.9 m 6–14.8 cm S
LCP (low)

PNUE and Amax_mass
(highest)

Vulnerable 0–3.94% 0–8.3 m <6 cm _
LCP (low)

PNUE and Amax_mass
(low)

Tree height less than 8.3 m or diffuse transmittance less than 3.94% (converted by
ln(%TRANS)-height model; Table S2) characterize the vulnerable phase. PNUE and Amax_mass

have similar transition points around the split point of diffuse transmittance (2.60% for PNUE and
3.50% for Amax_mass in piecewise linear regression, Table S3; 7.23% for PNUE and 8.22% for Amax_mass

in quadratic regression, Table S4). Below these values, P. chinensis had a lower PNUE (Figure 8d,h) and
Amax_mass (Figure 8b,f), probably due to the extremely low light intensity in the understory, which led
to a larger fraction of investment of leaf nitrogen in light harvesting [42]. PNUE is quite closely related
to the core leaf economic traits [34]. Low PNUE in the vulnerable phase might indicate that P. chinensis
seedlings invested much less photosynthetic product into growth. Some studies have reported that
minimum light requirements for species in dipterocarp forests is 1.7–5.2 mol m−2 d−1 or 6%–19% for
sun [46]. We also observed that the height growth of P. chinensis seedlings after germination remained
unchanged under low transmittance in a greenhouse [24], although high mortality caused by drought,
herbivory, and missing occurred within 10 months after germination in the field [47], indicating that
P. chinensis seedlings were quite vulnerable in this phase.

The highest PNUE and Amax_mass occurred in the transitional zone between the vulnerable phase
and the suppressed phase and subsequently decreased with increasing tree height growth and light.
A high PNUE indicates that treelet leaves partition more nitrogen to photosynthetic enzymes (such as
Rubisco) [48] and/or have lower mesophyll resistance because of large air spaces and thin cell walls

76



Forests 2020, 11, 1145

within the lamina [49]. Treelet leaves in the suppressed phase had the lowest Amax_area (Figure 7c,d) and
the lowest Narea (Figure 7e,f), similar to saplings in the vulnerable phase, suggesting that the Amax_area

in treelet leaves in the suppressed phase is severely limited by low nitrogen content [50]. In the
suppressed phase, PNUE and Amax_mass exhibited a continuous and significant linear relationship with
light (or height) variation until the canopy phase. That is, P. chinensis was physiologically flexible
in its adaptation to light environmental change in the understory. Previous studies have reported
that treelets of P. chinensis can survive in the understory for several years [51], which would be a
consequence of this strategy, just as many other tropical canopy species can survive in the understory as
seedlings or treelets for decades [52–54]. Tall seedlings of Shorea leprosula, S. parvifolia, and S. pauciflora
in a Sabah rainforest also showed distinctly lower mortality than seedlings shorter than 50 cm [54].
Su [55] observed that seedlings of Pometia pinnata (formerly, P. tomentosa), another canopy tree species in
the Xishuangbanna rainforest, had 99.6% mortality before reaching 1.5 m in height; beyond this height,
mortality rapidly decreased and remained very low until physiological death, which Silvertown [56]
described as Oscar Syndrome. In conclusion, in the suppressed phase, P. chinensis has conservative leaf
economic trait values such as a smaller leaf area, lower Amax_area, and lower area-based leaf nitrogen
concentration during ontogenesis, and these characters may indicate that the suppressed phase is an
S-selected (“stress-tolerant” strategy) phase [10].

P. chinensis had a lower but relatively stable LCP below 16.40% transmittance or 13.5 m in height
(piecewise linear regression; Figure 9a,d), which is close to the split point between the suppressed
phase and the growth release phase (18.33% transmittance or 14.9 m in height; Table 1). The lower LCP
allowed the treelets and saplings to achieve positive carbon gains under lower light intensities [57].
Based on these findings, diffuse transmittance at 18.33% could be suggested as a threshold value
dividing the suppressed phase from the growth release phase.

Most leaf traits, including LMA, Narea, Nmass, LSP, leaf area, Rd_area, and Rd_mass, showed
significant variations with increasing tree height and light intensity in the growth release phase, in
accordance with the hypothesis that tree juveniles exhibit greater intraspecific variability in ecological
strategies than adults [1]. The rapid change in leaf traits caused by the improvement of the light
environment is the most important feature for the growth release phase of P. chinensis and indicates the
conversion of the adaptive strategy from the understory to the canopy.

When the tree crown completely entered the main canopy layer at 24.3 m, the growth release
phase ended and the canopy phase began. Ambient light in the canopy phase was close to saturation,
and hydraulic limitation was achieved because of increasing trunk height, leaf tissue density, and cell
wall thickness and decreased mesophyll air space [14]. The decrease in Rd_mass (Figure 8a) and increase
in Nmass (Figure 8e) with height growth were terminated in this phase (transition points: 17.5 m in
Rd_mass and 27.4 m in Nmass, piecewise linear regression; Table 1). Furthermore, leaf area-related
traits such as LMA (Figure 6a), Rd_area (Figure 7a), and Narea (Figure 7e) continued to vary with
height growth, although the model slopes were already reduced (transition points: 21.2 m in LMA,
17.5 m in Rd_area and 21.2 m in Narea, piecewise linear regression; Table 1). The canopy phase had
the largest leaf area and the highest Amax_area and Nmass throughout the life history of P. chinensis,
implying the highest photosynthetic efficiency in this phase. The leaves of P. chinensis in the canopy
layer displayed higher Amax_mass than other local Dipterocarp species [29]; this species does not suffer
from irreversible photoinhibition in the uppermost canopy leaves [31]. Although hydraulic limitation
becomes a major determinant of photosynthesis in the canopy layer in other tree species [58], Kenzo et
al. [59,60] observed that high leaf nitrogen concentration and a well-developed mesophyll structure
help to maintain high Amax in the upper-canopy leaves of dipterocarp canopy trees, which explains
why the peak value of Amax_area occurred in the canopy phase. In short, the canopy phase was more
similar to a C-selected (“competitive” strategy) phase, and higher LMA and Amax_area in this phase
implied conservative growth and maximized resource acquisition to improve competitiveness in stable
and productive habitats [6,10].
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MRT suggests a final phase (emergent phase) at tree height over 60.9 m, which is correlated
with the decrease in some leaf traits associated with carbon-gain, including Amax_area (Figure 7c), leaf
area (Figure 6c), and leaf C:N ratios (Figure 9e); these traits showed “hump-shaped” patterns with
increasing tree height. Quadratic regression predicted that these traits had peak values at specific
heights (Amax_area at 37.7 m, leaf area at 37.1 m, and leaf C:N ratios at 37.8 m; Table S4) that were
already emergent over the main canopy layer (approximately 30 m) and then decreased with the
further growth in tree height. This strategy is similar to other mid- to late-successional species [15,61].
Age- and size-dependent declines in leaf nitrogen concentration could lead to a reduction in Amax

in very tall trees [16,17]; this could be a reason for the decreasing Amax_area in the emergent phase.
Increased reproductive allocation to nonstructural carbohydrates among very large trees [61] could
explain the reduction in nitrogen and Amax, and the increase in leaf C:N ratios (Figure 9e) provides
potential support for this hypothesis. Former research in P. chinensis reported that reproduction of
this species occurs only after its crown emerges from the main canopy, with DBH approximately
30–40 cm [22], and dipterocarps in Malaysia have a reproductive size threshold of approximately 60 cm
in primary forest [62]. This empirical evidence indicated that P. chinensis had a reproductive phase only
when the individual became huge and tall enough. In addition, increased mechanical perturbation
due to herbivory [63] and wind exposure [64] among large canopy trees is also a potential cause for the
declines in leaf nitrogen content and photosynthetic capacity with size. Due to the limit of the crane jib
(60 m long), we could sample very few individuals of emergent trees in this phase. More experiments
are still required to better support our explanations of the emergent phase in the future.

P. chinensis has larger leaves in the canopy phase than in the suppressed phase and vulnerable
phase, but in the emergent phase, leaf area again decreases (Figure 6b). Similar phenomena have been
reported for canopy tree species in other tropical forests [18]. Energy-demanding and resource-limited
old trees could undergo more morphological than biochemical acclimation [65], and a limited leaf
area could better control the leaf temperature, rates of carbon dioxide uptake, and water loss for
adaptive acclimation to ambient light promotion in the canopy [66]. The decrease in leaf size in the
emergent phase may also be a result of the physiological effects of carbon allocation to reproductive
structures [18,61].

5. Conclusions

As a canopy tree species, P. chinensis adapts to light environments both in the understory and
canopy throughout its life history. Based on the different strategies of leaf traits during ontogenetic
development in response to light and height, five phases of P. chinensis could be recognized: vulnerable
phase, suppressed phase, growth release phase, canopy phase, and emergent phase. According to
CSR theory [6] and ontogenetic shifts in leaf traits [1,8,10], the suppressed phase and canopy phase
could be classified as “stress-tolerant” strategy and “competitive” strategy, respectively, although
these strategies were inferred only relative to ontogenetic adaptation in P. chinensis. The vulnerable
phase and growth release phase may also not fall into any specific strategies because the trait values in
these two phases were quite dynamic: the former was the key phase during which the plant achieved
the transformation from seeds to seedlings, and the latter served as a spanning period during which
light-related traits overcame suppression by low light in the understory and responded rapidly to
change within a narrow height range (14.9–24.3 m) with a large change in ambient light (18.33%–100%
transmittance) in the canopy. P. chinensis had lower carbon assimilation in the emergent phase than
in the canopy phase, which may be attributed to reproductive allocation strategy, and this deserves
more experiments in the future. Our results suggest that this tropical forest canopy species adjusts
its adaptive strategy in leaf functional traits to adapt to variation in the ambient light environment
and tree size in different life-history stages. The ecological implications of this pattern of change
throughout the lifetime of a tree species for the forest growth cycle deserve further investigation in
terms of maintaining forest biodiversity.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/11/1145/s1,
Figure S1: Simple linear regression result for Rd_area’ vs. Rd_area. The solid line indicates the simple linear
regression result: Rd_area’ = −0.1210 + 1.0337 × Rd_area, r2 = 0.889, F = 161.6, P < 0.01, Table S1: Species list of
the 1.44 ha (120 m × 120 m) canopy crane plot in Xishuangbanna, Southwestern China. This list was based on
survey data collected in December 2014 and includes all tree species with DBH ≥ 1 cm, Table S2: Linear piecewise
regression results for traits (y) vs. height (x). The following regression models were used: Equation (1): y = a1
+ b1 × x, x < transition point; Equation (2): y = a2 + b2 × x, x ≥ transition point, Table S3: Linear piecewise
regression results for traits (y) vs. light (represented as ln(%TRANS), x). The following regression models were
used: Equation (1): y = a1 + b1 × x, x < transition point; Equation (2): y = a2 + b2 × x, x ≥ transition point, Table S4:
Quadratic regression results for traits (y) vs. height or ln(%TRANS) (x). The following regression model was used:
y = β0 + β1 × x +β2 × x2.
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Abstract: Drought is a major factor limiting tree growth and plant vitality. In the Mediterranean region,
the length and intensity of drought stress strongly varies with altitude and site conditions. We used
electronic dendrometers to analyze the response of two native pine species to drought and precipitation
events. The five study sites were located along an elevation gradient on the Mediterranean island
of Corsica (France). Positive stem increment in the raw dendrometer measurements was separated
into radial stem growth and stem swelling/shrinkage in order to determine which part of the trees’
response to climate signals can be attributed to growth. Precipitation events of at least 5 mm and
dry periods of at least seven consecutive days without precipitation were determined over a period
of two years. Seasonal dynamics of stem circumference changes were highly variable among the
five study sites. At higher elevations, seasonal tree growth showed patterns characteristic for cold
environments, while low-elevation sites showed bimodal growth patterns characteristic of drought
prone areas. The response to precipitation events was uniform and occurred within the first six hours
after the beginning of a precipitation event. The majority of stem circumference increases were caused
by radial growth, not by stem swelling due to water uptake. Growth-induced stem circumference
increase occurred at three of the five sites even during dry periods, which could be attributed to
stored water reserves within the trees or the soils. Trees at sites with soils of low water-holding
capacity were most vulnerable to dry periods.

Keywords: dendrometer; stem circumference changes; climate response; Mediterranean; Pinus nigra;
Pinus pinaster

1. Introduction

Water availability is the most limiting abiotic factor for plant growth and productivity, especially
in arid or semi-arid environments [1,2]. Tree dieback can often be related to water shortage and
enhanced drought stress [3–5]. The identification of available water sources and the trees′ response
to short-term changes in environmental conditions is therefore of great importance to evaluate the
vulnerability of forest ecosystems to current climate change.

Forests 2020, 11, 758; doi:10.3390/f11070758 www.mdpi.com/journal/forests83
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A tree‘s water status is controlled by atmospheric conditions, the depth and distribution of the
root system, and by soil water status. If the tree′s transpiration exceeds the water uptake from the soil,
the tree is able to relocate water from internal reservoirs to maintain the transpiration process and to
adjust its water use [6] The hydraulic conductance of roots is highly variable and depends on soil water
content, salinity of the soil, and on the demands for water from the transpiring shoot [7]. Soil water
content is highly variable in space and time. Depending on the rooting and soil depth, trees can
have access to different soil water layers and hence may respond differently to single precipitation
events [8–10]. Beside the amount of water provided by precipitation, its seasonal distribution is of
great relevance for regulating plant ecological processes. Several studies underline the importance of
winter precipitation in summer-dry climates, which may stimulate an entirely different plant response
than a summer rain event as shown for shrubs in desert environments [11,12]. This is particularly the
case in climates where deeper soil water reservoirs are replenished by winter precipitation [9].

An indicator for the whole tree water status is the diurnal cycle of shrinking and swelling of the
stem [6], which is caused by imbalances between transpiration and root water uptake [13], and by
processes altering osmotic water potentials [14]. The daily cycle of water depletion and replenishment
can be influenced by several factors, such as rainfall and soil water content, atmospheric vapor pressure
deficit, and ambient air temperature [15–17]. Hence, stem circumference changes can be used to assess
a tree′s climate sensitivity, i.e., the response to extreme meteorological events [18,19], and its water
status on short time scales [15].

Stem circumference changes (SCCs) are commonly measured with point or band dendrometers, a
powerful tool providing data in unmatched quality and resolution [20]. Dendrometer measurements
allow to investigate the influence of site conditions and meteorological factors on growth, as well as
species-specific responses to changing climate conditions [19,21,22]. Dendrometers have been used
to investigate the seasonal dynamics and growth phenology in a broad range of forest ecosystems in
different climate zones, ranging from tropical [19] to subtropical [17,22] or alpine conditions [15,21].
For example, [17] determined water availability as the main factor influencing growth cessation in
Pinus pinaster at the west coast of Portugal under Mediterranean climate conditions. However, the
interpretation of dendrometer data can be complex, as SCCs depend on various factors. Beside the
water-related swelling and shrinkage of phloem, xylem, and bark, increasing stem circumference
can also be caused by irreversible radial growth due to newly formed sapwood and bark tissue cells,
including cambial division and cell expansion [23,24]. Hence, it is often not possible to accurately
differentiate “growth” from “stem water increase” [25]. Models to separate these two parameters
require additional physiological data, which might not be available or which are difficult to measure
over longer time periods [20]. Therefore, some studies use a combination of dendrometers and wood
formation monitoring methods, as, e.g., [22] in the montane conifer Cedrus libani in Turkey.

Little is known about how fast trees respond to short-term fluctuations of water availability,
although already [26] stressed the importance of single precipitation events for long-term plant
functioning and survival. This is particularly important in climate regimes where the time of
the highest rainfall amount and the vegetation period do not coincide, e.g., in the Mediterranean
climate. Additionally, time lags in the signal transfer from water uptake to the tree-ring archive
can occur [1,27–30], further complicating the interpretation of tree-ring proxy data related to water
uptake, e.g., stable oxygen isotope ratios. Hence, the determination of the response time to discrete
climatic events is of high importance. In this study, we used dendrometer measurements to analyze
the response of pine trees to discrete climate events in Mediterranean forest ecosystems along elevation
gradients on the island of Corsica. In contrast to other studies, we investigated the response to
climate events not only during dry periods, but also to precipitation events. Due to the high spatial
variability of ecological conditions on Corsica, we were able to study the tree response under both
Mediterranean and subalpine climate conditions. We investigated the response of two pine species,
which are widespread over the Mediterranean basin, i.e., Pinus pinaster Aiton growing at low to middle
elevations, and Pinus nigra J.F. Arn subsp. laricio (Poiret) Maire var. Corsicana Hyl. growing at middle
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to high elevations, up to the upper tree limit. Despite its economic and ecological importance on
Corsica, there are no studies on the intra-annual growth dynamics of P. nigra so far. The main aims of
our study are (i) to determine the trees′ response to dry periods and precipitation events by separating
the growth- and stem water-related signals in SCC measurements, and (ii) to identify changes in tree
response along an elevation gradient in order to distinguish tree growth from stem increment due to
physiological responses under various local climate conditions. Hence, this study contributes to a better
understanding of the productivity and resilience of both pine species under future climate conditions.

2. Materials and Methods

2.1. Study Sites

The mountainous island of Corsica (France) is located in the Western Mediterranean basin between
41–43◦N and 8–10◦E. It is characterized by a main mountain range extending in the north–south
direction, with several peaks exceeding 2000 m above sea level (asl) (e.g., Mte. Cinto: 2706 m asl; Mte.
Renoso: 2352 m asl). Due to steep elevation gradients, different microclimates are found, ranging from
typical Mediterranean climates with dry hot summers and temperate wet winters close to sea level, to
temperate and alpine conditions in the mountain areas, with a continuous winter snow cover above
1500 m asl [31].

Our five study sites are located along two elevation gradients from the Mediterranean coast to
the high mountain zone along the western and eastern slopes of the Renoso Massif in central Corsica
(Figure 1). For better readability, the study site IDs refer to the location of the sites, where “E” and
“W” stands for “east” and “west”, and “L”, “M”, and “H” for “low”, “middle”, and “high” elevation.
The two studied pine species, P. nigra and P. pinaster, are widely distributed on Corsica, however, none
of the species covers the full range of our transect (0–1600 m asl). A comparison of the cumulative
growth rates in the transitional elevation belt in which both species coexist revealed no significant
differences between the species [32], making it possible to compare tree data derived from P. nigra
with those derived from P. pinaster. Tree-ring width chronologies from two additional sites support
the similarity between the growth pattern of both species in elevations between 570 and 1240 m asl
(Supplementary Figure S1). All five sites were very similar in terms of acidic soils, the dominance
of granites and metamorphic rocks in the underground, and an average tree coverage below 30%.
The low-elevation sites Ajaccio (WL) and Ghisonaccia (EL) are small forest patches of pure P. pinaster
stands close to the coastlines. While the west coast is characterized by a complex topography with
cliffs and bays, the east coast around EL is a large alluvial plain with sandy beaches and lagoons.
On these sandy alluvial deposits, the soils are well developed Cambisols (WL) and podzols (EL).
The mid-elevation sites Bocognano (WM) and Vivario (EM) are located within the mountain forest
belt at 790 (WM) and 1000 m asl (EM), respectively, where P. pinaster and P. nigra co-occur. Soils are
Cambisols of varying depths on granitic bedrock. The high-elevation site Capanelle (EH) is located at
the upper timberline on the eastern slopes of Monte Renoso. The site is located close to the crest line of
the mountain chain and is affected by air masses from the east as well as from the west, so that this
high elevation site is representative for both slopes of the transect. The open forest at site EH consists
of old-grown P. nigra and Fagus sylvatica trees. The soil is a shallow podzolic Cambisol on granitic
bedrock with low water-holding capacity.
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Figure 1. Map showing the location of the study sites and a schematic view of the study transect with
site names and site codes explained in the main text. The two different tree signatures indicate the
species Pinus nigra (filled symbol) and Pinus pinaster (dashed symbol). The digital elevation model is
based on SRTM (Shuttle Radar Topography Mission) data [33]. Climate characteristics are expressed as
the mean monthly temperature (red lines) and monthly precipitation sums (blue bars) in 2018. Data gaps
from our own climate stations are filled with data from nearby MétéoFrance climate stations [34].

2.2. Meteorological Data

All sites were equipped with automatic weather stations (Campbell Scientific stations at EH, EM,
and WM; Metek at EL and WL), which measured air temperature, precipitation, wind speed and
direction, relative humidity, global radiation, soil moisture, and soil temperature in high resolution
(5 min for EH, EM, and WM and 1 min for EL and WL). Soil moisture was recorded with a Campbell
CS650 sensor, placed horizontal at 5–10 cm depth. Due to the rocky terrain, it was not possible to
measure soil parameters at site EH. Mean temperature decreases with altitude, however, the western
coastal site is warmer than the eastern site (Figure 1). Precipitation shows a more diverse pattern
(Figure 1). The highest site (EH) is the wettest site, but at mid-elevation, the western site is wetter than
the eastern site, although site EM is located at slightly higher elevation than site WM. In contrast, the
eastern coast is more humid than the western coast.

To investigate the effect of single precipitation events on tree growth, we extracted all precipitation
events between 01 May 2017 and 30 April 2019 from the climate data, thus covering a period of two
complete years. We restricted the analysis to precipitation events with a precipitation sum of more
than 5 mm, since lower precipitation amounts do not penetrate deeply into the soils [35]. To separate
discrete precipitation events, we chose a threshold of one hour without any precipitation, i.e., all
precipitation recorded with interruptions of less than one hour was regarded as one precipitation event.

To analyze their impact on tree behavior, we extracted dry periods of at least seven consecutive
days without precipitation. The analysis of dry periods was restricted to the time with tree growth
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at all sites (March–November), i.e., dry periods in winter DJF were excluded because trees at higher
elevations are dormant during this period and hence are not expected to respond to moisture changes.

2.3. Dendrometer Data

At each study site, six trees of similar tree age and stem size per study species were equipped
with logging band dendrometers with a built-in thermometer (DRL26, EMS Brno) in April 2017,
resulting in a total number of 42 study trees (Table 1). Stem circumference was registered in 30-min
intervals. To avoid damages by grazing cattle, the dendrometers were installed at a stem height of 2 m.
Since Mediterranean pine species have a very thick bark for fire protection, we removed parts of the
outer bark without injuring the cambial zone to minimize the influence of bark swelling and shrinking
on the dendrometer data.

Table 1. Overview of the tree data set. The tree species refers to Pinus pinaster (PIPI) and Pinus nigra
(PINI), respectively. Site codes refer to the eastern (E) and western (W) side of Corsica, L, M, and H
stand for low-, middle-, and high-elevation sites, respectively. The ages and stem circumferences are
expressed as mean values ± 1 standard deviation (STD).

Number of Trees Tree Species
Mean Age (yr) ± 1

STD
Mean Stem Circumference

(cm) ± 1 STD

WL 6 PIPI 32 ± 10 131 ± 24
WM 12 PIPI, PINI 42 ± 7 116 ± 24
EH 6 PINI 59 ± 10 109 ± 15
EM 12 PIPI, PINI 53 ± 10 120 ± 30
EL 6 PIPI 47 ± 20 139 ± 19

We analyzed the trees′ responses to precipitation events and dry periods at the site level, i.e., we
aggregated the dendrometer data from the individual trees to a mean curve for each site. This eliminates
possible disturbance effects of individual trees and provides a representative picture of the common
climate response at a specific site. Stem circumference change (SCC) measured by dendrometers
contains information about the irreversible stem expansion related to cambial growth and cell expansion,
as well as the reversible tree water deficit-induced shrinking and swelling of the stem. To distinguish
between SCC caused by growth and stem shrinking/swelling, we used the growth definition of
Zweifel [20], who defined growth as a current stem radius value exceeding a precedent maximum.
By using this definition, each value of the dendrometer data was classified into one of the three
categories of growth, swelling, or shrinkage (Figure 2). Afterwards, we calculated SCC curves free
from the growth component by subtracting the values of all changes classified as growth from the raw
data, i.e., all values classified as growth were set to the level of the value prior to the growth. Both SCC
curves, the raw dendrometer data and the growth-free curves, were used for analyzing the response to
precipitation events and dry periods, in order to determine which portion of the detected tree response
to climate can be attributed to growth.

For each precipitation event, we extracted the mean SCC for each site from the starting point of
the event over the following 48 h. For analyzing effects of dry periods, we extracted the SCC from the
first day without precipitation and the following 21 days. We defined this threshold because longer dry
periods occurred only at three sites and only once or twice in the investigated time period. To compare
the tree responses between sites, the dendrometer data were standardized to the starting point of
the precipitation event/dry period. We additionally investigated SCC after precipitation events for
different seasons and different precipitation amounts. The precipitation events were divided into six
classes regarding their amount. As events with low rainfall totals were more common than events with
high rainfall totals, the thresholds to separate rainfall totals were not chosen with regular intervals, i.e.,
the class with the lowest rainfall totals included 5–9.9 mm/event precipitation, and the following four
classes each had an increment of 10 mm/event (10–19.9, 20–29.9 mm/event, etc.). The class with the
highest precipitation amount included totals of 50–99.9 mm/event.
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Figure 2. Schematic figure explaining the classification of the stem circumference change into shrinking,
swelling, and growth, and the exclusion of the growth component, created with the R-program
dendRoAnalyst [36]. Each dot represents a 30-min measurement recorded in 2017.

3. Results and Discussion

3.1. Site-Specific Stem Circumference Changes and Growing Periods

For the year 2018, the mean SCC curves from the coastal locations (EL and WL) can be clearly
distinguished from the other sites by the much earlier start of the growing season, which did not begin
before mid/end of April at mid- to high-elevation sites (Figure 3). A remarkable stem shrinkage is
visible at site EH before the start of the growing season. The strong stem circumference increase in
spring is followed by a decline in the growth rates in July. A second but less intense phase of increasing
stem size occurred in October, followed by a cessation of stem diameter increment. The reduction in
tree growth during summer did not occur simultaneously at all sites. The lowest cumulative increment
sums occurred at sites EH and WM.

Figure 3. Mean cumulative stem circumference changes from the five study sites for the year 2018
reported as daily mean values from all trees (6 at WL, EH and EL, 12 at WM and EM) per site.
Site codes refer to the east (E) and west (W) sides of Corsica, L, M, and H stand for low-, middle-, and
high-elevation sites, respectively. The inserted table indicates the number of days in 2018 with daily
mean temperatures <5 ◦C per site. Data gaps from our own climate stations are filled with data from
nearby MétéoFrance climate stations [34].

88



Forests 2020, 11, 758

The dendrometer data revealed that at all sites except WL, longer periods without growth
occurred during several months in autumn/winter. The length of this dormancy period depended
on the elevation of the site. At site WL, it was not possible to determine a dormancy season in
autumn/winter from the dendrometer data because radial growth showed only short interruptions.
Instead, prolonged periods without growth occurred during summer. The shortest dormancy occurred
at site EL (from December to February), and the longest at site EH (from October/November to
mid-May). Dormancy lasted from November/December to April at site EM, and from January to April
at site WM.

As the climatic conditions vary strongly along the studied elevation transect, we expected
different growth patterns and durations of the growing season. Bud break and growth onset after
winter dormancy are highly responsive to temperature in temperate and boreal trees, as well as at
drought-prone sites [37–40]. Rossi et al. [41] defined a mean daily air temperature of 4–5 ◦C as a critical
value to reactivate xylem cell production of conifers in cold environments. This critical temperature
is exceeded earlier at lower sites, leading to an earlier start of the growing season. Temperatures
are lower at site EL than at site WL (Figure 1), so that the critical temperatures occur only during
few days during a year, or in the case of a mild winter, even not at all, so that no clear dormancy
season occurred at site WL in 2018. For WL, the mean temperature in JFM (ND) 2018 was 10.8 ◦C
(13.1 ◦C), with 1% (0%) of days below the critical value of 5 ◦C. While the onset of radial growth is
controlled by air temperature, several factors can cause the termination of radial growth, e.g., soil water
availability [37,40], site conditions, stand age, and tree density [42]. A bimodal stem radial growth
pattern with two growth peaks in the transitional seasons (spring-early summer and autumn), and a
decreased growth rate in summer as a strategy for coping with harsh environmental conditions in dry
periods is a typical pattern observed in climates with summer drought [17,21,43]. The summer growth
suppression can either be caused by water deficit or by high temperatures above a certain threshold,
which lead to a reduction in net photosynthesis [43]. A bimodal growth pattern is visible at the coastal
locations on Corsica. As shown for other conifer species in Mediterranean regions [43–45], trees at our
study sites also have the capability to resume cambial activity after periods of minimum growth or
dormancy during summer droughts.

3.2. Precipitation Events and Dry Periods

The number of identified precipitation events over the two-year observation period ranged from
25 (site WL) to 138 (site WM), with a significantly higher number of rainfall events at higher elevations
(Table 2). The same trends were visible in the mean precipitation sums and mean duration of the events.
At the higher sites, single precipitation events could last for two days (sites EM and WM) or even
longer (site EH), while they were usually shorter than one day at the coastal locations. The precipitation
events were unevenly distributed over the seasons. The lowest number of events occurred at all sites
in JJA, the highest in either MAM, SON, or DJF. It should be kept in mind that the total number of
precipitation events is underestimated at some stations due to data gaps, especially at the coastal
locations. However, the observed trend (stronger precipitation events and a higher number of events
with increasing elevation) is confirmed by long-term climate stations from MétéoFrance [31].

The number of dry periods was less variable between the sites and ranged from 14 (site EL) to 20
(site WM) (Table 2). The maximum duration of rainless periods was 62 days at site WL, followed by
33 days at site EM. Even at the wettest sites, 19 and 21 consecutive dry days occurred. Coastal sites
showed the longest mean duration of dry periods. Except for site WL, dry periods were most common
in JJA, but they occurred in all seasons. The low number of dry periods in JJA at site WL was caused
by a long dry period in July–August 2017, which lasted for 62 consecutive days.
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Table 2. Characteristics of precipitation events and dry periods between May 2017 and April 2019.
Mean precipitation sum was calculated independent from the mean duration of the events. Site codes
refer to the eastern (E) and western (W) side of Corsica, L, M, and H stand for low-, middle-, and
high-elevation sites, respectively. The seasons are expressed as abbreviations for the corresponding
months (DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON:
September, October, November). Data gaps at individual climate stations: WL: January–February 2018,
April–June 2018; EL: April–June 2018, mid November 2018–mid April 2019; EM: 15 days in March 2018.

Precipitation Events

WL WM EH EM EL

mean precipitation sum per event (mm) 11.5 20.8 33.0 18.6 14.3
mean duration of precipitation events (h) 6 9 14 10 6

mean intensity per event (mm/h) 2.6 2.7 2.9 2.3 3.3

number of events per season

DJF 6 42 41 31 7
MAM 8 43 48 29 5

JJA 1 19 13 12 1
SON 10 34 24 26 24

number of events per amount
class

5–9.9 mm 14 47 38 38 14
10–19.9 mm 7 45 26 37 14
20–29.9 mm 4 17 24 9 7
30–39.9 mm - 13 10 5 1
40–49.9 mm - 5 3 1 1
50–99.9 mm - 10 16 7 -
> 100 mm - - 9 1 -

total number of precipitation events 25 138 126 98 37

Dry periods with at least 7 days without precipitation

WL WM EH EM EL

maximum duration (days) 62 21 19 33 27
mean duration (days) 18 10 11 13 14

number of dry periods per
season

DJF 3 2 3 3 1
MAM 3 5 3 4 2

JJA 3 7 6 7 8
SON 7 6 4 5 3

total number of dry periods 16 20 16 19 14

Precipitation on Corsica is very unevenly distributed throughout the year, with maximum
precipitation rates in autumn/winter [31]. Single precipitation events can be followed by prolonged
periods without any precipitation of up to more than one month at all sites, except WM and EH.
As these periods occur mainly during the time of tree growth, it becomes obvious that the trees need to
develop adaptation strategies to cope with drought stress related to this precipitation regime.

3.3. Tree Response to Precipitation Events

More than 50% of the stem circumference increase after precipitation events occurred within the
first 12 h after the event (Figure 4). The strongest increase was found at the coastal locations and
diminished with increasing elevation. The SCC increase was much steeper in the raw dendrometer
data. The difference between the reaction including and excluding growth indicates that the response
to precipitation events is a mixed effect of stem swelling and growth, with growth being the largest
part at all sites (between around 60 and 80%), except EH (around 40%). The largest change within
the 48 h after the event occurred at site EL, followed by WL and EM. The smallest stem increase after
precipitation events occurred at the high-elevation site EH. Stem swelling followed immediately after
the precipitation event, while stem increment due to growth extended over a longer time. This finding
is in concordance with the soil water content (SWC), which increased mainly directly after the event.
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At all sites except WL, the standard deviation was remarkably reduced when growth was extracted
from the raw dendrometer measurements.

Figure 4. Mean stem circumference changes (solid lines; grey shaded areas indicate the range
expressed as mean ± 1 standard deviation) and change of soil water content (dashed lines) over 48 h
after precipitation events per site including (left column) and excluding (right column) tree growth.
Precipitation events are extracted from the time period May 2017 to April 2019. Site codes refer to the
east (E) and west (W) sides of Corsica, L, M, and H stand for low-, middle-, and high-elevation sites,
respectively. Soil water measurements are not available for site EH.

Soil water content measurements were only available for four of the five sites (Figure 4). At EH, the
stone content in the soil profile was too high for a correct measurement of the soil moisture. SWC at site
WL is probably underestimated because the climate station was located on a nearly bare rocky surface,
while the trees were located in a valley floor with a higher soil depth. All sites responded very quickly
to precipitation events since measurements are obtained in a soil depth of 10–20 cm. The highest soil
water content was reached three to twelve hours after the beginning of the precipitation event.

We observed a fast tree response to precipitation events at all five sites. The time lag between
the beginning of the precipitation events and a visible response in the dendrometer data is very short,
indicating a quick water uptake after an event. This is a faster response as found by [21], who suggested
that replenishment of usable stem water reservoirs occurs within a few days after scattered rainfall
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events. They observed a stronger relationship between environmental variables and daily radial stem
increments, when a time lag of one day was considered. The SCC increase in our study is a mixed
effect of stem swelling and radial growth, with growth causing the larger part of the increase. The SCC
increase due to growth is highest at the coastal locations, indicating that trees at coastal sites are more
effective in using the water of precipitation events directly for growth. They are also more effective in
using even small precipitation events.

Although trees at our sites grow under different climate conditions and show altitude-specific
differences in the seasonal growth patterns, the response to precipitation events was very uniform
among trees, sites, and did not vary with precipitation amounts. In the majority of cases (88%),
SCC increased within 48 h after the onset of precipitation events. These similar responses are in
concordance with the results of [46] and [22], who studied stem circumference changes of Picea abies
and Cedrus libani along elevation gradients. Further, in the Italian Alps, positive responses of stem
increment to precipitation were found [15]. In approximately 12% of events, we observed stem
shrinkage following precipitation. This shrinkage occurred only at the higher sites and between
December and April, i.e., during winter dormancy (Figure 3). A marked rehydration of the stem
before the beginning of the growing season was observed in trees of cold environments [47,48] because
water is withdrawn from the living cells to avoid frost-induced cavitation [25]. At sites EH and WM,
temperatures commonly drop below zero between December and April.

On a seasonal basis, the SCC responses to precipitation events showed site-specific patterns
(Figure 5). In summer (JJA), a pronounced bimodal to multimodal pattern was apparent, which
was not or only weakly developed in other seasons. This diurnal cycle occurring with a temporal
shift at site WL can be explained by the fact that only one precipitation event was recorded in JJA
(Table 2). Since the values were standardized to the starting point of the precipitation event, a different
starting time between events was responsible for the observed shift. SCC response including tree
growth was highest in JJA and SON, and lowest in DJF. The steepest SCC increase directly following
precipitation events was apparent in JJA, while the lowest SCC occurred in DJF at all sites. Only at site
WL, the change in JJA was on a comparably low level. Except for JJA, EH showed the lowest stem
diameter increase in all seasons. In all seasons, the response excluding growth was smaller than the
reaction including growth, especially in JJA. Furthermore, the response was more homogenous among
the sites, except in SON. Surprisingly, the strongest response occurred during SON at site WL. In all
other seasons, the maximum increase was rarely above 0.2 mm.

The fluctuations of SCC over 48 h reflect the typical pattern of the daily stem cycle observed in
dendrometer data by several authors [16,17,49]. The stem contracts during the day due to transpiration
and photosynthesis and expands during the night as a result of replenishment of the stem internal
water reserves. The amplitude of this daily cycle is most pronounced in summer as observed in
alpine [15,16] as well as in Mediterranean environments [17] because the increased temperatures in
combination with increased day length reduce the duration of the recovery phase, while increasing the
water loss by transpiration [50].

The mean SCC curves after precipitation events classified by precipitation amount are shown
in Figure 6. In the three classes with the lowest precipitation amounts per event (5–29.9 mm), site
EH showed the smallest increase. In the two classes with the lowest precipitation amounts per event,
both coastal locations showed a similar increase in the beginning, but their behavior diverged within the
first day after the event. In contrast, in the following event class, site EL showed a much stronger SCC
increase than site WL over the whole 48 h period. Site EM benefited more from precipitation events with
high amounts (event class 50–99.9 mm) than sites EH and WM. The response after excluding growth
was lower for all event classes. This was especially true for the two event classes of low amounts,
indicating that even low precipitation events provide enough water for provoking a growth reaction.
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Figure 5. Mean stem circumference changes after precipitation events during different seasons,
including (left column) and excluding (right column) tree growth. Precipitation events are extracted
from the time period May 2017 to April 2019. Site codes refer to the east (E) and west (W) sides of
Corsica, L, M, and H stand for low-, middle-, and high-elevation sites, respectively.

It becomes apparent that the strongest SCC increase is not correlated with the highest precipitation
amount. Large amounts of precipitation are more common during winter than during summer (Table 2)
due to passages of frontal systems, i.e., the time where no or less growth occurs at the high-elevation
sites. The response to events with a low amount of precipitation in summer is therefore superimposed
by growth. Another reason is that events with high precipitation amounts often show high precipitation
intensity, so we assume that a large part of the precipitation is lost by surface runoff and does not
infiltrate into the soils. The correlation factors between precipitation and soil water content support this
assumption, as they are rather weak, ranging between 0.32 at site EL and 0.47 at site WL. Additionally,
these events often occur during phases with several rainfall events on consecutive days. Soils can
already be water-saturated prior to the event and the stems are already replenished with water, so
that additional rainfall does not trigger additional stem swelling. This stem internal water storage can
provide a significant proportion of the total diurnal and even seasonal water used by a plant [50].
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Figure 6. Mean stem circumference changes after precipitation events classified by precipitation amount,
including (left column) and excluding (right column) tree growth. Stem circumference changes (SCC)
curves are only shown for classes with at least two events per site. Precipitation events are extracted
from the time period May 2017 to April 2019. Site codes refer to the east (E) and west (W) sides of
Corsica, L, M, and H stand for low-, middle-, and high-elevation sites, respectively.

3.4. Tree Response to Dry Periods

The mean daily circumference changes during dry periods between 7 and 22 days are summarized
in Figure 7. Dry periods longer than 11 days occurred more frequently at the coastal locations.
In contrast to the rather homogenous response to precipitation events, the response to dry periods was
site-specific, when considering raw dendrometer data including growth. Interestingly, sites EL and
WL did not show any stem shrinkage, but instead an increase in stem circumference. The same was
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found at site EM, but less pronounced and only during the first seven dry days. In contrast, sites EH
and WM showed a shrinkage, which was most severe at site WM. The steep increase in the later days
was caused by the lower number of events, however, it indicated that growth occurred at least during
single dry periods. After excluding tree growth from the data, the response to dry periods became
more uniform among the sites. All sites showed a decreasing trend during the first days of the dry
periods. The standard deviation was remarkably reduced when growth was extracted from the curves,
especially at the coastal sites.

Figure 7. Mean stem circumference changes (solid lines; grey shaded areas indicate the range expressed
as mean ± 1 standard deviation) during dry periods of at least seven consecutive days without
precipitation including (left column) and excluding (right column) tree growth. Dashed lines indicate
the number of dry periods. Dry periods are extracted from the time period May 2017 to April 2019.
Site codes refer to the east (E) and west (W) sides of Corsica, L, M, and H stand for low-, middle-, and
high-elevation sites, respectively.
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The continuous stem circumference increases over consecutive dry days at sites WL, EL, and EM
could be attributed to cambial growth because the trend disappeared after eliminating growth from
the dendrometer data. An enlargement of freshly formed tracheids even during an extended period of
drought was also observed by [21], suggesting that conifers can draw upon water reserves stored in
sapwood and bark [51,52], more so at dry than at moist sites [13].

Another important factor influencing SCC during dry periods is soil water availability.
The water-holding capacity of the soils differs among our study sites. The coastal sites are located in flat
areas, where water can be stored after precipitation events. Additionally, soils at site WL can be affected
by a small episodic creek, so water from precipitation events in the hilly surrounding becomes available
for the trees. At the mid-elevation sites (EM and WM), soil conditions and hence water availability are
different. At site EM, the soil is deeper and has a higher water-holding capacity, so water from single
precipitation events is longer available. At site WM, the shape of the SWC curve (Figure 4) indicates
that most of the precipitation is lost via surface runoff because SWC shows an earlier peak and a
faster decrease after the beginning of a precipitation event compared with sites EL and EM. Therefore,
although site WM is generally more humid than site EM, only a smaller amount of water from each
precipitation event becomes available for the trees. The inferences about water availability derived
from dendrometer data are corroborated by oxygen-stable isotope data derived from needle water,
stem water, and precipitation from the same sites [53]. Sites EH and WM have limited or no access
to deeper soil water, while the other three sites have access to deeper soil water and/or groundwater.
P. pinaster is not a Mediterranean floral element in the strict sense, as it needs a certain air humidity
and summer precipitation amounts of at least 100 mm [54]. The summer precipitation amount at our
sites is lower than 100 mm, hence the vitality of P. pinaster at our coastal study sites indicates that these
trees have access to deeper soil water or ground water pools, which are refilled in autumn/winter.

4. Conclusions

Dendrometers are suitable for studying the response of individual trees to weather (extreme)
events. Analyzing the response to single precipitation events instead of comparing standard parameters
like tree-ring width with seasonal or annual total precipitation is a promising approach to better
understand the linkage of tree growth and tree physiological processes to environmental conditions
on short timescales with a high temporal resolution. These studies can improve forecasts of tree
growth under changing climate conditions, thus providing scenarios of future forest productivity,
ecosystem functioning, and tree mortality risk, which are valuable sources of information to make
forest management decisions on climate-adapted tree species composition.

In our study, we observed different adaptation strategies of pine trees to deal with the
Mediterranean precipitation regime, including a bimodal growth pattern, the use of deeper water
sources, and the capability to take up water quickly in the case of moisture availability. The different
response to dry phases and precipitation events indicates that the water transfer in pine trees on
Corsica is very complex. At sites with deeper soils, trees can use deeper soil water sources under
unfavorable rainfall conditions. Thus, trees at sites with soils of low water-holding capacity are most
vulnerable to dry periods.

At the ecosystem level, our results can help to improve models of the future distribution of
P. nigra and P. pinaster along humidity gradients. P. nigra is the more water-demanding species, so
declining water availability may reduce its potential distribution range. This can have serious impacts
on silvicultural activities on Corsica as there is a high demand for P. nigra wood.

Supplementary Materials: The following figure is available online at http://www.mdpi.com/1999-4907/11/7/758/s1,
Figure S1: Comparison of tree-ring width chronologies of Pinus nigra and Pinus pinaster at four study sites located
between 570 and 1240 m asl.
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Abstract: Apple, as one of the most important economic forest tree species, is widely grown in the
world. Abiotic stress, such as low temperature and high salt, affect apple growth and development.
Ethylene response factors (ERFs) are widely involved in the responses of plants to biotic and abiotic
stresses. In this study, a new ethylene response factor gene was isolated from Malus baccata (L.) Borkh
and designated as MbERF11. The MbERF11 gene encoded a protein of 160 amino acid residues with
a theoretical isoelectric point of 9.27 and a predicated molecular mass of 17.97 kDa. Subcellular
localization showed that MbERF11 was localized to the nucleus. The expression of MbERF11 was
enriched in root and stem, and was highly affected by cold, salt, and ethylene treatments in M. baccata
seedlings. When MbERF11 was introduced into Arabidopsis thaliana, it greatly increased the cold
and salt tolerance in transgenic plant. Increased expression of MbERF11 in transgenic A. thaliana
also resulted in higher activities of superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT), higher contents of proline and chlorophyll, while malondialdehyde (MDA) content was
lower, especially in response to cold and salt stress. Therefore, these results suggest that MbERF11
probably plays an important role in the response to cold and salt stress in Arabidopsis by enhancing
the scavenging capability for reactive oxygen species (ROS).

Keywords: Malus baccata; MbERF11; cold stress; salt stress; transgenic plant

1. Introduction

During growth and development, plants are frequently exposed to various abiotic stresses, such as
drought, cold, salt, heat, and nutrient deprivation. Under different environmental stresses, plants
have developed different adaptable mechanisms to ensure their normal growth and development [1,2].
The response mechanism of plants to abiotic stresses was regulated by multiple signaling pathways [3].
In these processes, transcription factors (TFs) play a key role in the interaction of these signaling
pathways [4–7]. TFs, also known as trans-acting factors, are a class of DNA-binding proteins that
specifically bind to cis-acting elements. Interactions between transcription factors and cis-acting
elements or other proteins can be transcriptional activation or inhibition. Studies have clarified that TF
genes are abundantly present in plants, and can regulate plant growth and metabolism [8,9].

The APETALA2/ethylene responsive factor (AP2/ERF) TFs are widely distributed in different types
of plants [10]. About 145 AP2/ERF TF genes have been isolated from A. thaliana [11], and 167 AP2/ERF
TFs were also found in Oryza sativa [12]. The AP2/ERF TF family may have evolved from HNHAP2
endonucleases in bacteria and viruses [13]. The AP2/ERF genes were widely isolated and studied
from different plants, such as APETALA2, AINTEGUMENTA and AtCBF1 from Arabidopsis [14–16],
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ThCRF1 from Tamarix hispida [17], and CsERF025 from cucumber [18]. The AP2/ERF TFs were found to
participate in almost every process of plant growth and development, especially in response to biotic
or abiotic stresses in plants [19].

As a class of TFs, AP2/ERF TFs usually contain an AP2/ERF domain consisting of about 60 amino
acid residues [20]. This domain was firstly discovered from APETALA2 homologues of A. thaliana [21],
a similar sequence was also found in tobacco [22]. According to the different numbers of AP2/ERF
domains contained in AP2/ERF, the AP2/ERF TFs were divided into two subfamilies. Among them,
one subfamily is called ERF containing one AP2/ERF domain. The other subfamily is called the
AP2 subfamily containing two AP2/ERF domains. The ERF subfamily can be further divided into
DREB (dehydration responsive element binding protein), ERF and other three categories [23]. In the
AP2/ERF domain of DREB subfamily, the 14th and 19th amino acids are valine (V) and glutamic acid
(E), respectively, while they are alanine and aspartate in the AP2/ERF domain of ERF subfamily [24].

ERF TFs are widely involved in biotic and abiotic stress responses, which play important roles in
drought, high salt and low temperature tolerance, as well as plant development, hormone response
and other regulatory networks [24,25]. Previous researches found ERF TFs were also involved in organ
development, cell division, differentiation, flower development and fruit maturation in plants [26,27].
Overexpression of Sl-ERF2 gene in tomato could activate Sl-Man2, a mannanase-encoding gene,
and result in the premature germination of tomato immature seeds [28]. The Sub1A/C gene in O. sativa
participates in plant growth and metabolism [29]. The MdERF1/2 genes in Malus domestica are associated
with fruit ripening [30]. However, these studies mostly focused on model plants or crops, and the roles
of the ERF TFs genes in Malus plant stress responses were less well known.

M. baccata is widely used as an apple rootstock in northern China, and also as a source of forestry
wood or greening tree species. Due to its high resistance to low temperature and drought, M. baccata is
also used as a breeding material for cold and drought resistance [31]. From the transcriptome analysis
of M. baccata seedlings under cold and/or drought stresses (results not presented here), we found the
MbERF11 level was significantly up-regulated under both stresses. More importantly, through NCBI
blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) of MbERF11 gene, we found that the closest Arabidopsis
ERF gene is AtERF7, which is a famous ERF TF gene involved in drought stress through ABA signal
transduction [32]. To better understand the role of ERF TFs genes involved in low temperature and salt
stress, and to provide potentially genetic resources for the improvement of the drought resistance of
Malus plant, a new ERF TFs gene was isolated from M. baccata and designated as MbERF11. Moreover,
it was found that the tolerance of transgenic A. thaliana to cold and salt stress was increased because of
the overexpression of MbERF11.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

The M. baccata test-tube seedlings were rapidly propagated in MS growth medium (containing
0.6 mg/L IBA + 0.6 mg/L 6-BA) for 30 days. Then they were transplanted to MS + 1.2 mg/L IBA
for 45 days for rooting. Finally, the seedlings were transferred to Hoagland solution for 40 days for
growth. The solution was changed three times per week. The temperature of the culture chamber
was maintained at 20 ◦C and the relative humidity was maintained at about 85%. When the test-tube
seedlings grew to 8–9 leaves (completely expanded), a part of them was placed in Hoagland solution
with a NaCl concentration of 200 μM and pH 5.8 for salt stress treatment. The other part of them
was placed in Hoagland solution at 4 ◦C for cold stress treatment. Test-tube seedlings incubated in
Hoagland solution at 20 ◦C were used as control. The unexpanded young leaf, the completely unfolded
mature leaf, the phloem at the second and third node stem segments, and the newly emerged root
were taken as samples. The samples of all control and treated plants were sealed after treatments of
respectively 0, 2, 4, 8, 12, 24, and 48 h, immediately frozen in liquid nitrogen, and then stored at −80 ◦C
for RNA extraction.
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2.2. The qRT-PCR Expression Analysis of MbERF11

Total RNA was respectively extracted from young leaf, mature leaf, new root, and stem using
the EasyPure Plant RNA Kit (TransGen, Beijing). Synthesis of cDNA first strands with TransGen’s
Trans Script® First-Strand cDNA Synthesis Super Mix (TransGen, Beijing). The whole sequence of
MbERF11 was obtained by PCR, with the first strand cDNA of M. baccata as a template. A pair of
primers (MbERF11-F and MbERF11-R, Table 1) were designed based on the homologous regions of
MdERF011 (MDP0000258562) to amplify the full-length cDNA sequence. The obtained DNA fragments
were gel purified and cloned into the pEasy-T1 vector (TransGen) and sequenced (BGI, Beijing).

Table 1. Primers used in this study.

Name of Primer Sequence of Primer (5′→3′) Purpose

MbERF11-F ATGGAAGGAGATTACTGCTGCT Cloning
MbERF11-R TTAACTTTCATCGGAGTTTTCTGGG Cloning

ACTIN-F ACACGGGGAGGTAGTGACAA qPCR
ACTIN-R CCTCCAATGGATCCTCGTTA qPCR

GAP-F GTCGTACTACTGGTATCGTT qPCR
GAP-R TCATAGTCAAGAGCAATGTA qPCR

MF TGGAGAAGCGTAAGCATCCC qPCR
MR CGTCGTCTTGGAATACAAGCT qPCR

Site-F GAGCTCATGGAAGGAGATTACTGCT Add SacI site
Site-R CCTAGGACTTTCATCGGAGTTTTCTG Add BamHI site

The qRT-PCR expression analysis of MbERF11 was performed according to method of
Han et al. [33]. The Malus ACTIN gene (AB638619.1) amplified from M. baccata tissues was as control,
which was stably expressed under various conditions [34]. We designed the primers (ACTIN-F and
ACTIN-R, Table 1) from the sequences and published in the GenBank databases. The primers (MF and
MR, Table 1) of MbERF11 were designed from partial sequences cloned in this study for qRT-PCR
detection. The thermal cycling program was one initial cycle of 94 ◦C for 30 s, followed by 40 cycles
of 94 ◦C for 15 s, and 55 ◦C for 30 s. The relative transcription level data was analyzed by the Pfaffl
method [35].

2.3. Subcellular Localization Analysis of MbERF11 Protein

The MbERF11 ORF was cloned into the SacI and BamHI sites of the pSAT6-GFP-N1 vector.
This vector contains a modified red-shifted green fluorescent protein (GFP) at SacI–BamHI sites.
The MbERF11-GFP construct was transformed into onion (Allium cepa) epidermal cells by particle
bombardment [36]. The DAPI staining was used as a nucleus marker for nucleus detection. The transient
expression of the MbERF11–GFP fusion protein was observed by confocal microscopy.

2.4. A. Thaliana Transformation

To construct an expression vector for the transformation of A. thaliana, restriction enzyme cut
sites of SacI and BamHI at 5′ and 3′ ends of the MbERF11 cDNA was respectively added by PCR
with the primers (Site-F, Site-R, Table 1). To construct the PCAM3301-MbERF11 vector, PCAM3301
and the products of PCR were digested by SacI and BamHI, and linked together by T4 DNA ligase.
The MbERF11 gene driven by the CaMV 35S promoter and the vecror (only PCAM3301) were introduced
into A. thaliana by Agrobacterium-mediated LBA4404 transformation [37]. Columbia ecotype A. thaliana
plants were transformed using the vacuum infiltration method. Transformants (transgenic lines and
vector line) were selected on MS medium containing 6 mg/mL glufosinate. The transgenic lines (roots
used as materials) were confirmed by qRT-PCR analysis with wild type (WT) and vacant-vector line
(VL) as control. T3 generation plants were used for further analysis.
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2.5. Determination Survival Rates Under Cold and/or Salt Stress Treatment in Transgenic Arabidopsis

Wild-type A. thaliana (WT), vacant-vector line (VL, the line only transformed with vacant
vector) and three MbERF11 transgenic lines (S2, S6, S7) were respectively sown in culture medium,
and transferred to nutrient soil for two weeks after 10 days. The WT, VL and T3 transgenic A. thaliana
were cultured under control condition, low temperature treatment (−4 ◦C) for 12 h, and high salinity
stress (200 mM NaCl) for 7 d, respectively, after which their survival rates were recorded with
15 nutrition pots.

2.6. Detection of the Contents of Chlorophyll, MDA and Proline and the Activity of SOD, POD and CAT

All the materials of different lines above were collected for measurements. The chlorophyll content
was determined with method of Li et al. [38]. The proline content was measured according to the
spectrophotometric method [39]. The MDA content and the activities of SOD, POD, and CAT were
measured according to the protocol described by Shin et al. [40].

2.7. Statistical Analysis

DPS 7.05 data processing system software was used for one-way analysis of variance (ANOVA).
All experiments were repeated for three times and the standard errors (±SE) were measured, respectively.
Statistical differences were referred to as significant * p ≤ 0.05, ** p ≤ 0.01.

3. Results

3.1. Isolation of MbERF11 Gene from M. Baccata

The ProtParam analysis (http://www.expasy.org/tools/protparam.html) showed that the MbERF11
gene encodes 160 amino acids (Figure 1). The theoretical molecular mass of MbERF11 is 17.97 kDa,
with theoretical isoelectric point 9.27 and the average hydrophilicity coefficient −0.995. The underlined
part of Figure 1 is the conserved sequence of the AP2/ERF family, which contains two conserved
elements, namely YRG and RAYD. The 14th and 19th amino acids of the conserved sequence are valine
and glutamic respectively, indicating that it belongs to the DREB subfamily in the AP2/ERF family.

Figure 1. Nucleotide and deduced amino acid sequences of MbERF11 gene. Underlines indicate
conserved amino acid sequences. Black boxes indicate specific amino acids of the AP2/ERF domain.
Blue boxes indicate conserved elements.
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3.2. Phylogenetic Relationship of MbERF11 with Other ERF Proteins

To explore the evolutionary relationship among plant ethylene response factors, DNAman was
used to compare MbERF11 with other 13 ERF proteins of different species. The phylogenetic tree
showed that MbERF11 contains an AP2/ERF conserved domain consisting of 58 amino acid residues.
This conserved sequence is the characteristic sequence of the ERF TF in plants (Figure 2A). As shown
in Figure 2A, the TF of ERF family has higher homology in the conserved domain. There are also many
changes in the non-conserved domain, which is consistent with the characteristics of the TF.

 

Figure 2. Comparison and phylogenetic relationship of MbERF11 with ethylene-responsive
transcription factor proteins from other species. (A) Comparison completes alignment of MbERF11
with other plant ethylene-responsive transcription factor proteins. Conserved domains are shown in
blue boxes. Positions containing identical residues are shaded in navy blue, while conservative residues
are shown in green. (B) Phylogenetic tree analysis of MbERF11 and other plant ethylene-responsive
transcription factor proteins. The tree was constructed by the neighbour-joining method with MEGA 7
(http://www.megasoftware.net). The gene accession numbers are listed in Figure 2B.
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The homologous phylogenetic tree showed that MbERF11, MdERF011 (XP_008378018,
Malus domestica), EjERF7 (AKN10300.1, Eriobotrya japonica), PbERF011 (XP_009359912.1,
Pyrus bretschneideri) and PpERF011 (XP_007223577.1, Prunus persica) clustered together. NtERF010
(XP_009614221.1, Nicotiana tomentosiformis), StERF010 (XP_006354856.1, Solanum tuberosum), SiERF008
(XP_011074400.1, Sesamum indicum), MnERF2 (XP_010094641.1, Morus notabilis), and BpERF11
(AMD11605.1, from Betula platyphylla) were grouped into the second cluster, followed by CsERF011
(XP_004141277.1, Cucumis sativus), CmERF011 (XP_008452588.1, Cucumis melo), and McERF011
(XP_022143655.1, Momordica charantia). However, AtERF7 (NC_003074.8) was grouped into another
cluster on its own (Figure 2B).

3.3. MbERF11 was Localized to the Nucleus

As shown in Figure 3, the MbERF11–GFP fusion protein is targeted to nucleus (Figure 3E)
with 4′, 6-diamidino-2-phenylindole (DAPI) staining (Figure 3F), whereas the control GFP alone is
distributed throughout the cytoplasm (Figure 3B). These results determined that MbERF11 is a nucleus
localized protein.

Figure 3. Subcellular localization of MbERF11 protein. The transient vector harboring 35S-GFP and
35S-MbERF11-GFP cassettes were transformed into onion epidermal cells by particle bombardment.
Transient expressions of green fluorescent protein 35S-GFP (B) and 35S-MbERF11-GFP (E) translational
product were visualized in onion epidermal cells by fluorescence microscopy. Onion epidermal cells of
35S-GFP (C) and 35S-MbERF11-GFP (F) stained with DAPI for 24 h. (A,D) were taken in the bright
light. Scale bar corresponds to 5 μm.

3.4. Expression Analysis of MbERF11 in M. Baccata

As shown in Figure 4A, in control condition, the expression level of MbERF11 in M. baccata
seedlings was higher in root and stem, while very low in leaf. When dealt with salt (200 mM NaCl),
cold (4 ◦C), and ethephon treatments (500 μL/L, the ratio of ethylene:water is 1:2000), the expression
level of MbERF11 in young leaf of M. baccata increased quickly, reached maximum at 12 h, 24 h,
and 4 h, respectively, and then decreased (Figure 4B). The expression level of MbERF11 in root had a
similar trend, which reached the maximum at 8 h, 12 h, and 2 h, respectively, then decreased slightly
(Figure 4C).
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Figure 4. Time-course expression patterns of MbERF11 in Malus baccata using qRT-PCR methord.
(A) Expression patterns of MbERF11 in young leaf (partly expanded), mature leaf (fully expanded),
root and stem in normal condition (room temperature and normal nutrient solution). The expression
level of young leaf was as control. (B,C) Expression patterns of MbERF11 in control, salt (200 μM),
cold (4 ◦C) and ethephon (500 μL/L) in young leaf (B), and root (C) at the following time points: 0 h, 2 h,
4 h, 8 h, 12 h, 24 h and 48 h. The reference genes MdACTIN and MdGAPDH were used as controls in this
study. The error bars represent standard deviation. Asterisks above the error bars indicate a significant
difference between the treatment and control (0 h) using Student’s t test (* p ≤ 0.05; ** p ≤ 0.01).

3.5. Overexpression of MbERF11 in A. Thaliana Contributed to Low Temperature Stress Tolerance

To study the role of MbERF11 in cold and salt stress responses, MbERF11 gene was transformed
into A. thaliana under the control of the CaMV 35S promoter. Among 12 transformed lines, seven of
them (S1, S2, S4, S6, S7, S9, and S10) were confirmed by qRT-PCR analysis with wild type (WT) and
vacant-vector line (VL) as control (Figure 5A).

As shown in Figure 5B, no significant difference in appearance was found among all the A. thaliana
lines (WT, VL, S2, S6, and S7) under control condition (Cold 0h). However, when dealt with low
temperature (−4 ◦C) stress for 12 h (Cold 12 h), the transgenic plants (S2, S6 and S7) look much healthier
than WT and VL. There were no differences in appearance between WT and VL under control condition
and cold stress.

Under control condition, there was no significant difference in the survival rates among all
A. thaliana lines (WT, VL, S2, S6 and S7). However, when dealt with cold stress, the survival rates of
WT and VL A. thaliana were only 16.7% and 18.3%, while the transgenic plants of S2, S6, and S7 were
78.7%, 75.1%, and 81.3%, respectively. The survival rates of transgenic plants were significantly higher
than those of WT and VL lines under low temperature treatments (Figure 5C).
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Figure 5. Overexpression of MbERF11 in Arabidopsis improved cold tolerance. (A) Transgenic Arabidopsis
qRT-PCR validation. (B) Phenotypic map of Arabidopsis under control condition (Cold 0 h), cold stress
(Cold 12 h) and recover. All the test lines, including the T3 transgenic A. thaliana (S2, S6, and S7),
WT and VL were dealt with low temperature stress (−4 ◦C) for 12 h, and then with control temperature
(20 ◦C) 1 h for recover. Scale bar corresponds to 3 cm. (C) The survival rates of transgenic and WT
Arabidopsis under control condition and low temperature stress. Extremely significant differences
between transgenic Arabidopsis (S2, S6, and S7), vacant-vector line (VL) and WT line were shown by the
t test, ** p ≤ 0.01.

As shown in Figure 6, for the contents of chlorophyll, MDA and proline, as well as the activities of
SOD, POD, and CAT, these was no significant difference among all the A. thaliana lines, i.e., S2, S6,
S7, WT and VL plants under control conditions (Cold 0 h). However, when dealt with cold treatment
(−4 ◦C) for 12 h (Cold 12 h), the activities of SOD, POD, and CAT, the chlorophyll and proline contents
were higher than those in WT and VL. However, the contents of MDA in transgenic A. thaliana (S2, S6,
and S7) were significantly lower than those in WT and VL (Figure 6).

3.6. Overexpression of MbERF11 in A. Thaliana Contributed to Improved Salt Stress Tolerance

The WT, VL and transgenic lines (S2, S6, and S7) of A. thaliana were treated with 200 mM NaCl
solution daily for seven days, and then the phenotype of each line was observed. As shown in
Figure 7A, the transgenic lines (S2, S6, and S7), WT and VL plants all grew well under control condition
(Salt 0 d). However, when dealt with salt stress for 7 days (Salt 7 d), the transgenic A. thaliana (S2, S6
and S7) had better appearance than WT and VL plants.
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Figure 6. The levels of malondialdehyde content ((A) MDA); superoxide dismutase activity ((B),
SOD); peroxidase activity ((C), POD); catalase activity ((D), CAT); chlorophyll content ((E), Chl) and
proline content ((F), Pro) Proline in WT, VL (vacant-vector line) and MbERF11-OE (S2, S6, and S7)
Arabidopsis under control condition (Cold 0 h) and cold stresses (Cold 12 h). Asterisks above the error
bars indicate an extremely significant difference between the transgenic and WT plants with Student’s
t test (** p ≤ 0.01). The level of each index in WT was as control.

 

Figure 7. Overexpression of MbERF11 in Arabidopsis improved salt tolerance in transgenic plants.
(A) Phenotypic map of Arabidopsis under control condition (Salt 0 d), salt stress (Salt 7 d) and recover.
All the test lines, including the T3 transgenic A. thaliana (S2, S6, and S7), WT and VL were dealt with
salt stress (200 mM NaCl) for 7 d, and then with control water management 3 d for recover. Scale bar
corresponds to 3 cm. (B) The survival rate of Arabidopsis under control condition and salt stress.
Extremely significant differences between transgenic Arabidopsis (S2, S6, and S7), VL and WT line were
shown by the t test, ** p ≤ 0.01.
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Under control condition, there was no significant difference in the survival rates of all A. thaliana
lines (WT, VL, S2, S6, and S7). However, when dealt with salt stress for 7 days, the survival rates
of WT and VL plants were only 41.9% and 43.2%, while the transgenic lines of S2, S6, and S7 were
89.7%, 85.8% and 87.6%, respectively. The survival rates of the transgenic plants under salt stress were
significantly higher than those of WT and VL plants (Figure 7B).

As shown in Figure 8, when treated with salt stress (Salt 7 d), overexpression of MbERF11 in
transgenic A. thaliana resulted in lower MDA contents, higher levels of chlorophyll and proline contents,
as well as higher activities of SOD, POD, and CAT than those of WT and VL plants. However, for the
indices above, these was no significant difference among the entire test lines (WT, VL, S2, S6, and S7)
under control condition (Salt 0 d).

 
Figure 8. The levels of malondialdehyde content ((A), MDA); superoxide dismutase activity ((B), SOD);
peroxidase activity ((C), POD); catalase activity ((D), CAT); chlorophyll content ((E), Chl) and proline
content ((F), Pro) Proline in WT, VL (vacant-vector line) and MbERF11-OE (S2, S6, and S7) under control
condition (Salt 0 d) and salt stresses (Salt 7 d). Asterisks above the error bars indicate an extremely
significant difference between the transgenic and WT Arabidopsis with Student’s t test (** p ≤ 0.01).
The level of each index in WT was as control.

4. Discussion

From the transcriptome analysis of M. baccata seedlings under cold and/or drought stresses,
we found the MbERF11 level was significantly up-regulated under both stresses. More importantly,
through NCBI blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) of MbERF11 gene, we found that the
closest Arabidopsis ERF gene is AtERF7, which is a famous ERF TF gene involved in drought stress
through ABA signal transduction [32]. Sequence homologous analysis showed that MbERF11 is a
member of the ERF family (Figure 2A). All the ERF family includes one conserved ERF domain in the
middle region [41]. These results showed that the ERF family genes are highly conserved during the
evolution. ERF genes were widely distributed in apple, A. thaliana, pear, jujube, cucumber, tobacco,
and rice, and were known to be involved in a variety of processes, including stress [10,12,18,21,32].
Subcellular localization has revealed that the MbERF11 is a nucleus localized protein (Figure 3),
which is consistent with other ERF proteins [5,17,28,30,32]. Phylogenetic tree analysis shows that the
relationship between MbERF11 and MdERF011 is the closest among 14 species. Among Arabidopsis
ERF TFs, AtERF7 has the highest homology to MbERF11 (Figure 2B).

The expression level of MbERF11 was more enriched in stem and root than in young leaf and
mature leaf (Figure 4A). This expression pattern indicated that MbERF11 may play an important
role in organs that related to transport of stress signal. When dealt with cold, salt, and ethephon
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treatments, the expression level of MbERF11 in M. baccata was markedly affected. It is possible that
MbERF11 plays a key role in regulating stress response in M. baccata. Ethylene is considered as a
signal of stress in plants [17,19,25,41], and ethylene treatment affected the expression of MbERF11.
The changed expression level of MbERF11 induced by cold and salt probably depends on the synthesis
of endogenous ethylene.

When dealt with salt, cold, and ethephon treatments, the MbERF11 expression level in root of
M. baccata reached the highest level at 8 h, 12 h, and 2 h, respectively (Figure 4C), while in leaf, which got
the maximum at 12 h, 24 h, and 4 h, respectively (Figure 4B). The results showed that the response rate
to stresses, such as low temperature, salt stress and ethephon in root is faster than in leaf, indicating that
the expression of MbERF11 in root is more sensitive than that in leaf. This expression profile indicated
that MbERF11 may play a key role in the plants’ stress signal transportation. Ethylene is a gaseous plant
hormone that regulates many aspects of the plant life cycle, including seed germination, leaf senescence,
fruit ripening, abscission, as well as biotic and abiotic stress responses [42–44]. Consequently, a higher
concentration of ethylene in plants may be a signal to regulate plant stress response. This conclusion
was consistent with the cold resistance mechanism of VaERF057 [45]. Ethylene had been proposed
to protect mitochondrial activity in A. thaliana under cold stress [46]. GmERF7 had been confirmed
to regulate the expression of stress-related genes through regulating the content of ethylene, thereby
improving the salt tolerance [47]. Therefore, the increased expression level of MbERF11 induced by
cold and salt stresses may depend on the biosynthesis of ethylene.

The expression of AtERF7 can be induced by ethylene, ABA and JA [32]. Abiotic stresses could
induce the expression of AtERF71, AtERF73, RAP2.1, RAP2.2, and RAP2.3 [48–50]. These results were
consistent with our research (MbERF11 expression level can be induced by ethylene, salt, and cold
treatments). The expression level of GmERF3 increased when dealt with abiotic stresses such as
drought and high salinity. External factors such as ethylene and other hormone treatments could
also change the expression level of GmERF3. However, low temperature stress had little effect on
GmERF3 expression [51]. The expression level of MbERF11 gene in young leaf and new root was
also significantly affected by cold, salt, and ethephon treatments (Figure 4B,C). Low temperature
and salt stress could also increase the ethylene levels and trigger cold and salt stress responses in
plants [30,46]. Based on the previous studies and theories, we reckon that ethephon treatments induce
stress responses, such as the increased expression of MbERF11 in the above parts.

Overexpression of MbERF11 enhanced the tolerance to both cold and salt stresses in transgenic
A. thaliana. The levels of chlorophyll, proline, MDA and antioxidant enzymes can be used to indicate
the damage extent from stress [52,53]. The higher MDA content indicates higher degree of membranous
peroxidation of the plant cells and the more serious damage to the cell membrane [2]. The proline
content in WT A. thaliana increased after exposure to low temperature stress. Low temperature stress
caused the destruction of chloroplast and the yellowing of plants. Hence, chlorophyll content is one
of the important indicators of whether the plant is subjected to adverse stress [54]. The antioxidant
enzyme system in plant plays an important role in resisting external environmental stress. They can
inhibit the accumulation of free radicals, thereby reducing the occurrence of oxidative damage and
lethal effects. The above effects allowed a variety of biochemical metabolic activities in cells to proceed
normally. Overexpression of MbERF11 enhanced the tolerance to cold and salt stresses in transgenic
A. thaliana (Figures 5B and 7A), also led to increased activities of SOD, POD, and CAT, contents of
proline and chlorophyll, decreased MDA content, especially when dealt with stresses (Figures 6 and 8).
It is possible that MbERF11 could increase cold and salt tolerance through changing these physiological
indicators in transgenic A. thaliana under stress.

These results indicate that the MbERF11 may be an upstream regulatory gene for stress resistance,
and the overexpression of MbERF11 gene may enhance the cold and salt tolerance of A. thaliana.
More works need to be done to further verify the function of MbERF11 through heterologous expression
in Arabidopsis mutants (AtERF7 gene deletion). Clarifying the role of the different domains of MbERF11

111



Forests 2020, 11, 514

in stress response will be helpful in breeding stress-resistant Malus by gene transfer. Further experiments
are required to identify other functions of MbERF11 gene.

5. Conclusions

In the present study, a new ERF gene was isolated from M. baccata and named as MbERF11.
Subcellular localization showed that MbERF11 protein was located to the nucleus. When MbERF11
was introduced into A. thaliana, it increased the levels of proline and chlorophyll, and improved
the activities of SOD, POD, and CAT, but decreased MDA content, especially under cold and salt
treatments. Taken together, our results suggest that MbERF11 plays an important role in response to
cold and salt stress by enhancing the capability of scavenging ROS.
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Abstract: Research Highlights: To better understand within-community variation in wood density, our
study demonstrated that a more nuanced approach is required beyond the climate–wood density
correlations used in global analyses. Background and Objectives: Global meta-analyses have shown
higher wood density is associated with higher temperatures and lower rainfall, while site-specific
studies have explained variation in wood density with structural constraints and allometry. On a
regional scale, uncertainty exists as to what extent climate and structural demands explain patterns in
wood density. We explored the role of species climate niche, geofloristic history, habitat specialization,
and allometry on wood density variation within a California forest/chaparral community. Materials and
Methods: We collected data on species wood density, climate niche, geofloristic history, and riparian
habitat specialization for 20 species of trees and shrubs in a California forest. Results: We found a
negative relationship between wood density and basal diameter to height ratio for riparian species
and no relationship for non-riparian species. In contrast to previous studies, we found that climate
signals had weak relationships with wood density, except for a positive relationship between wood
density and the dryness of a species’ wet range edge (species with drier wet range margins have
higher wood density). Wood density, however, did not correlate with the aridity of species’ dry
range margins. Geofloristic history had no direct effect on wood density or climate niche for modern
California plant communities. Conclusions: Within a California plant community, allometry influences
wood density for riparian specialists, but non-riparian plants are ‘overbuilt’ such that wood density
is not related to canopy structure. Meanwhile, the relationship of wood density to species’ aridity
niches challenges our classic assumptions about the adaptive significance of high wood density as a
drought tolerance trait.

Keywords: wood density; allometry; functional traits; climate niches

1. Introduction

Wood density (the mass per unit volume of wood) is considered an essential functional trait
associated with mechanical support, carbon and nutrient storage, drought tolerance, water transport,
and pathogen defense [1–3]. Variation in wood functional traits often reflect ecological tradeoffs
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that are influenced by allometric, biogeographic, and phylogenetic factors [1]. Understanding wood
density patterns can help elucidate spatial trends in aboveground biomass [4]. Moreover, wood density
is a useful predictor of growth and mortality rates in the tropics [5] and is related to growth and
performance in Mediterranean climates [6]. Finally, models of carbon stocks often rely on wood density,
making estimates of wood density operationally as well as ecologically important [7,8].

Wood density often relates to mechanical stability [9–11] with crown architecture, diameter, and
height correlating with wood density at small scales [8,12]. Tree height is a key trait for understanding
patterns in wood density and allometry in Mediterranean communities [6]. Allometric equations
that relate wood density to height and diameter have explained site-specific patterns across tropical
ecosystems [8,13]. The relationship of wood density to diameter–height allometry at an individual
site level has varied across studies. Whereas some studies have found that tree height at a given
diameter is unrelated to wood density [14,15], Iida et al. (2012) found that, at a constant tree height,
higher wood density is associated with smaller tree diameters [16], and wood density is positively
related to diameter-corrected tree height in rainforests [17]. Simultaneously, in a California mixed
evergreen forest, wood density correlated strongly with vessel traits and microsite soil moisture [18,19],
indicating that moisture availability can be an environmental filter for wood density at very small
scales. The variation in the wood density–allometry relationship across different climate regimes and
site conditions may be partially explained by the availability of water at particular microsites, with
some individuals and species at or close to drainages being able to access consistent water throughout
the year, while other species experience strong seasonal fluctuations in water availability. In other
words, riparian habitat specialization could influence the degree to which structural constraints and
climate niche relate to wood density.

Global and regional meta-analyses suggest that higher wood density correlates with lower
precipitation and higher mean annual temperature [6,11,20]. Across a latitudinal gradient in Central
America, patterns in wood density more strongly correlated to precipitation and aridity than
temperature [21]. Wood density is positively associated with aridity in New Caledonia, and a global
meta-analysis [22,23] suggests that high wood density is adaptive in dry environments. However,
precipitation and temperature explain variation in tree height–diameter relationships across North
America as well, possibly influencing wood density indirectly through structural constraints [24].
The findings that rainfall amount can modify wood density–allometry relationships at a regional
level in water-stressed climates suggests at least some direct effect of climate on wood density [25],
and denser wood is correlated with lower drought mortality [26]. Variations in shade tolerance and
altitude add further nuance to relationships between wood density and rainfall patterns in tropical
and Mediterranean climates [12,27].

While many studies have examined the relationship between climate and wood density across a
broad geographic scale, and a number of tropical studies have highlighted the importance of structural
or allometric constraints on wood density at a site level, few studies have assessed both structural
and climatic constraints on wood density in temperate communities. Moreover, phylogenetic signal,
biogeography, and geofloristic history (plant assemblages recorded in the fossil record) can strongly
structure the composition and functional traits of temperate plant communities [11,22,27,28]. As a
result, community composition that is the contingent outcome of past climates could drive functional
trait patterns that are not mechanistically linked to the contemporary climate [28]. In water-stressed
ecosystems, uncertainty exists as to whether mechanical demands, habitat specialization, geofloristic
history, or macroclimatic niche best explain variation in wood density.

The California floristic province, with its high plant diversity and endemism, is vulnerable
to increasing drought frequency and intensity exacerbated by anthropogenic climate change.
Microsite variation in soil moisture influences the wood density and tree height of the local community
across microsites in northern California [18,19]. This suggests environmental filtering for higher wood
density species in drier sites. The current species composition of California mixed evergreen forests
resulted from the confluence of several geofloras (plant community assemblages identified in the
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fossil record), especially the temperate Arcto-Tertiary geoflora and the subtropical Madro-Tertiary
geoflora [29,30]. The Madro-Tertiary and Arcto-Tertiary geofloras, both originating in the Tertiary
Period, are distinguished by their biogeographic origin and differing community compositions.
The Madro-Tertiary geoflora, consisting mostly of subtropical, sclerophyll species, is associated with
the development of a Mediterranean climate in California and is the ancestor of many extant chaparral
specialists [29,30]. The Arcto-Tertiary geoflora, compromised of mixed deciduous forest species,
advanced into California from more northerly climates [29,30].

We investigated whether structure, climatic niche, geofloristic history, and habitat specialization
related to wood density variation among members of a regional woody plant community, sampling 20
species from a northern California plant community across multiple sites. We tested four hypotheses:
(1) We hypothesize that the structural demand of supporting a plant canopy will constrain wood
density values such that species with tall, thin stems must have higher wood density to support their
canopies. We predict that ‘taper’ (the ratio of plant basal diameter to plant height) will be negatively
related to wood density. (2) We predict that, within a community, more arid adapted species will have
higher wood density. Thus, we predict that wood density and metrics of water availability will be
negatively related for the dry and wet edges of species’ aridity niche, with stronger relationships at
the dry edge. (3) We hypothesize that species with a Madro-Tertiary geofloristic history would have
stronger wood density–climate relationships than species with an Arcto-Tertiary geofloristic history
because the Madro-Tertiary geoflora arose in conjunction with California’s dry Mediterranean climate.
(4) Finally, we hypothesize that riparian habitat specialization may greatly influence the relationship
between wood density and structure as well as wood density and climate niche.

2. Materials and Methods

2.1. Study Site

We sampled naturally occurring vegetation at three sites near Stanford, CA: Jasper Ridge Biological
Preserve (37.40311, −122.24428), a 481-ha preserve in the eastern foothills of the Santa Cruz Mountains;
the Stanford Quarry (37.39999, −122.16154); and the Stanford main campus (37.42875, −122.17919)
(Figure 1). The climate is Mediterranean with a mean annual temperature of 14 ◦C, mean annual
precipitation of 570 mm, and most rainfall occurring from November to April. The vegetation
communities present at all three sites included chaparral and broadleaf, mixed evergreen forest.
All three sites have loam to gravely clay loam soils derived from similar mixed sedimentary and
metamorphic residuum and alluvium [31].

Figure 1. Map of study sites. Green markers represent the geographic location of each site.
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2.2. Species Selection

We selected woody species native to northern California. In the spring and summer of 2017,
we sampled five individuals from 13 native species growing on the Stanford campus or the Stanford
Quarry. We sampled reasonably abundant species (five or more individuals in a ~200 m search area)
and focused sampling on the largest individuals of each species present based on a visual survey.
We included comparable data of wood density and plant allometry from Cornwell and Ackerly (2009)
collected at the Jasper Ridge Biological Preserve, making for a total of 20 species of California trees
and shrubs [19]. A range of habitats including riparian forests and chaparral/oak woodlands were
sampled at all three sites to capture the dominant woody species across multiple microsites. We only
sampled species that grew naturally at our sites. All three sites have similar climate and native plant
communities. See Table S1 for a full list of species sampled and which datasets these species occurred
in. For data on the heights, diameters, wood density values, and other traits measured of the study
species, see Tables S2 and S3.

2.3. Trait Measurement

We obtained three branches per individual for at least five individuals sampled per species to
use for measuring branch wood density via a volumetric method. We randomly selected mid- to
upper-canopy, sun-exposed branches from each individual using hand pruners or a 4.5 m pole pruner.
Branches of ~1 cm diameter and ~3 cm length were peeled of bark, their wet volume measured via
mass displacement, and their dry weight measured following 72+ h drying at 65 ◦C. We measured
individual height with an inclinometer. We obtained basal diameter for larger trees as diameter at
breast height. We then calculated ‘taper’ as the basal diameter to height ratio, back calculating the
basal diameter from diameter at breast height measurements assuming a conic stem where necessary.
We averaged branch wood density per individual, and then averaged wood density and taper of
individuals per species. We used branch wood density in order make our results comparable to wood
density values obtained by Cornwell and Ackerly (2009) [19], who used data from three-year old
branches from five individuals per species (see Preston et al. (2006) [18] for details of wood density
measurements).

2.4. Habitat Preferences

We used information in the National Wildlife Federation and Audubon field guides as well
as Calscape.org to determine whether species in our study were riparian specialists [32–34]. If the
literature described a species as preferring rivers, streambanks, or riparian areas, we recorded these
species as riparian specialists. Our dataset contained 11 riparian species and 9 non-riparian species
with a mix of riparian and non-riparian species sampled at each of the three sites (Figure S1). Table S2
provides information on whether species were riparian and the sample size per species.

2.5. Paleohistory

We conducted a literature search in order to determine whether each species had ancestors in
the Madro-Tertiary or Arcto-Tertiary geoflora. We assigned a geoflora category based off the most
taxonomically specific level possible; for most species, we obtained geofloristic information at the
genus level. For chaparral species, we placed them in the Madro-Tertiary group based on literature
stating that the current chaparral community evolved from the Madro-Tertiary geoflora.

2.6. Climate Data

We determined climatic parameters describing each species climate niche using the WorldClim
database and geo-referenced specimens from North America in the Global Biodiversity Information
Facility (GBIF) database [35]. We used the full climate range for each species. We obtained 1960–1990
long-term averages of the following annual climatic parameters at 2.5 arc-minutes from the WorldClim
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1.4 database [36]: Minimum temperature (Tmin), maximum temperature (Tmax), mean annual
temperature (MAT), mean annual precipitation (MAP), and precipitation seasonality (coefficient of
variation of precipitation across months, Pseason).We also obtained aridity data from the Global
Aridity and PET Database [37], which is derived from WorldClim input data, including potential
evapotranspiration (PET) and climate moisture deficit (CMD). CMD was calculated as the amount of
water by which PET exceeds precipitation. Climate data were extracted for all GBIF specimen locations
for each species. The extent of each species’ climate niche was calculated based on the 5th and 95th
percentile for each of the above climate variables.

2.7. Data Analysis

We averaged all wood density and taper values per species (taper did not show variation with
plant height within-species) and constructed a series of linear models for the data, using R version 3.3.3.
First, we constructed linear models relating wood density to taper, habitat preference, the interaction
between the two, and the interaction without the habitat preference main effect. We selected the
most parsimonious model based on the second-order Aikike information criterion (AICc, or AIC for
small sample sizes) using the ‘stats’ package and the ‘MuMIn’ [38]. We also tested for univariate
relationships between wood density and climate niche parameters related to water availability (CMD,
MAP, PET) for the driest edge and wettest edge of each species (based on the 5th and 95th percentile
of their species range), and then selected the best single climate variable by built linear models for
niche parameters that were initially found to be significant using AICc. Finally, we combined the
best structural model and the best climate model to build a single full model and all potential nested
models, and then used AICc to select the most parsimonious of these models. The equation for our
final model was as follows: WD ~5th% CMD + Riparian Specialization × Taper, where WD is wood
density and CMD is climate moisture deficit. Finally, we verified that this inference was not purely
driven by phylogenetic non-independence by refitting the final model using a phylogenetic generalized
least squares (PGLS) model. We used the Smith and Brown 2018 [39] phylogeny (which contained all
species except Baccharis pilularis, which was replaced with a congener to estimate branch lengths) and
a Brownian motion covariance structure [40] using the ape [41], geiger [42,43], and nlme [44] R packages.
See Figure S2 for the results of the phylogenetic analysis.

3. Results

A higher taper (basal diameter to height ratio) refers to woody plants that are wider in basal
diameter at a given height (Figure 2). For riparian habitat specialist species, branch wood density
decreased with increasing taper (Figure 2). For non-riparian species, no correlation existed between
branch wood density and taper (Figure 2). The taper model with the lowest AICc had a main effect
of taper and a taper x riparian interaction (but no riparian main effect), though this model was only
a marginal improvement over a model with only a riparian specialization main effect (ΔAICc = 1.1,
likelihood ratio test p = 0.06017) (Table 1).
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Figure 2. Branch wood density (g/cm3) vs basal diameter to height ratio for California trees and shrubs.
Trees with a low basal diameter to height ratio are tall and skinny, while trees with a high basal diameter
to height ratio are short and wide, as represented by tree symbols. The arrow represents increasing
basal diameter to height ratio. Red points/lines indicate riparian specialists and black points/lines
non-riparian specialists. Dotted lines show the model fit for the habitat only linear model (Table 1),
while solid lines show the model fit for the taper × habitat model.

Table 1. Model selection for structure and habitat specialization. WD refers to branch wood density.
Taper is basal diameter to height ratio. Habitat refers to whether or not species are riparian specialists.
AIC, Aikike information criterion.

Model
Degrees of
Freedom

AICc

Null (WD~1) 2 −24.22

WD~taper 3 −22.29

WD~habitat 3 −31.84

WD~taper + habitat 4 −29.22

WD~taper + habitat + taper/habitat 5 −29.49

WD~taper + taper/habitat 4 −32.95

Few correlations existed between wood density and species driest range edge, on the contrary to
the existing relationships between wood density and site water availability in global meta-analyses
(Figure 3). However, positive relationships between wood density and the dryness of a species’ wettest
range boundary were found for all metrics of moisture availability (5th percentile CMD, PET, and
MAT; 95th percentile MAP), with 5th percentile CMD being the best climate predictor of wood density
(Table 2). Riparian specialists had generally lower wood density than non-specialists for the same
wet edge aridity, but showed a similar positive relationship between wood density and wet edge
aridity (Figure 3). Adding a main effect of habitat specialization improved the best climate model
(ΔAICc = 6.86, Table 2), but adding an interaction between climate and habitat specialization did not
improve the model. These results were qualitatively similar if climate niches were constructed from
only California occurrence records in the California Consortium of Herbaria [45].
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Figure 3. Branch wood density vs. (a) species 5% and 95% climate moisture deficit (CMD) and (b)
species 5% CMD for riparian vs. non-riparian California trees and shrubs. Black dots represent
non-riparian specialist species, while red dots represent species that are riparian habitat specialists.
The black line indicates a significant relationship between wood density and CMD at the 5th percentile,
but no significant effect at the 95th percentile of CMD. PET, potential evapotranspiration; MAP, mean
annual precipitation.

Table 2. Model selection for wet edge climate effects. WD refers to branch wood density. Habitat refers
to whether or not species are riparian specialists. CMD 0.05 is the 5th percentile climate moisture deficit.
MAP 0.05 is the 5th percentile for mean annual precipitation. MAT 0.05 is the 5th percentile for mean
annual temperature. PET 0.05 is the 5th percentile for potential evapotranspiration.

Model Degrees of Freedom AICc

Null 2 −21.20

WD~CMD 0.05 3 −29.21

WD~MAP 0.05 3 −22.04

WD~PET 0.05 3 −28.84

WD~MAT 0.05 3 −25.75

WD~CMD 0.05 + habitat 4 −36.07

WD~CMD 0.05 + habitat/CMD 0.05 4 −27.80

WD~CMD 0.05 + habitat + habitat/CMD 0.05 5 −32.58

Although geoflora suggested small differences between the climate niches of Madro-Tertiary
and Arcto-Tertiary species, especially for the minimum temperature range (Figures 4 and 5), geoflora
did not directly affect wood density (ΔAICc = 0.62918, likelihood ratio test p = 0.2794) or strongly
differentiate the climate niches of modern California plant communities (Figures 4 and 5).
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Figure 4. Branch wood density g/cm3 vs. (a) 5th percentile climate moisture deficit (mm) and (b) 5th
percentile Tmin (◦C) for California trees and shrubs. Taper vs. (c) mean climate moisture deficit and (d)
5th percentile Tmin for California trees and shrubs.

Figure 5. (a) Boxplot of wood density values and (b) taper (basal diameter to height ratio) values per
geoflora type. NS denotes non-significance.

Combining all evidence, aridity of the wet range edge and, for riparian specialists, taper explained
almost three quarters of the variation in wood density across this California plant community.
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The most parsimonious full model overall included a main effect of 5th percentile CMD and a
riparian specialization x taper interaction (Table 3, Figure 6) and had an R2 of 0.74. On the basis
of a decomposition of variance analysis (assessing the R2 of nested climate and structural models),
structure and habitat specialization explained more of the variance than climate, with species 5th
percentile CMD explaining 32% of the total variance and the taper × riparian specialization interaction
explaining 52% of the variance, with 10% of the variance shared between them. All model effects
remained significant and qualitatively similar when controlling for phylogenetic non-independence
using a PGLS model [39], though visual inspection of the congeneric species in the dataset suggested
that the lack of relationship between taper and wood density for non-riparian species may be driven
by the high wood density and high taper values of the four species of oaks in the dataset (Figure S2).

Table 3. Model selection for most parsimonious model overall. WD refers to branch wood density.
Taper is basal diameter to height ratio. Habitat refers to whether or not species are riparian specialists.
CMD 0.05 is the 5th percentile climate moisture deficit.

Model Degrees of Freedom AICc

Null (WD~1) 2 −21.20

WD~CMD 0.05 3 −29.21

WD~CMD 0.05 + taper + habitat + taper/habitat 6 −37.76

WD~CMD 0.05 + taper + taper/habitat 5 −41.74

WD~taper + habitat + taper/habitat 5 −29.49

WD~CMD 0.05 + habitat 4 −36.07

WD~habitat 3 −31.84

WD~taper 3 −22.29

Figure 6. Branch wood density vs basal diameter to height ratio (taper) for (a) riparian and (b)
non-riparian species, colored by the 5th percentile climate moisture deficit shown for each species (drier
in lighter blue). Trend lines are only for the wood density (WD)~taper relationships.

4. Discussion

In a Mediterranean woody plant community, we found that canopy allometry was only related to
wood density in riparian specialists, that geofloristic provenance had little influence on wood density,
and that species climate niche had unexpected relationships with wood density. These results contrast
with both global analyses of wood density and site-specific investigations of wood density variation
within individual communities. We discuss the implications of our results for the context dependence
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of the climatic and structural controls on wood density, and the potential for disconnects between
small-scale environmental filtering at microsites and large-scale environmental filtering of a regional
species pool.

We found that allometry only relates to wood density in riparian contexts. In the California mixed
evergreen forest, the relationship between wood density and allometry, however, does not appear as
consistent as the wood density–allometry structural equations proposed by Chave et al. (2005) for
tropical forests [13]. This lack of consistency may be explained by the differing functional strategies
of riparian and non-riparian species. We found that riparian specialists had a negative relationship
between wood density and taper consistent with Chave et al. (2005) [13], indicating that species with
high wood density are taller at a given diameter than species with low wood density. This result
is also consistent with Iida et al. (2012), who found that species with higher wood density have
smaller diameters at a given height in Malaysia [16]. However, these findings contrast with those of
Aiba & Nakashizuka (2009) as well as King, Davies, Tan, & Noor (2006), who found no relationship
between wood density and height for a given diameter in tropical forests [14,15]. Predictions from
engineering theory suggest that high wood density does not necessarily increase the mechanical
stability of taller trees at a given diameter, which further contrasts with our results [46]. This negative
relationship between wood density and taper is consistent with previous work at one of our field sites
that showed strong relationships between wood density, allometry, and microsite soil moisture [18,19].
This allometric relationship with wood density for riparian plants may be similar to allometry–wood
density relationships in the wet tropics, because both ecosystems are not water-limited.

Differences in allometry–wood density relationships between riparian and non-riparian species
may reflect evolutionary processes. Chave et al. (2009) suggested that wood density is related to water
transport efficiency [1]. Stronger selection on wood density–allometry relationships may, therefore,
occur in wet climates where efficient transportation of water would be advantageous. Non-riparian
species, however, lack this wood density–allometry relationship, suggesting that, in water-limited
ecosystems, these species are ‘overbuilt’ for other reasons [47,48]. Riparian forests tend to be more
light-limited than immediately adjacent non-riparian forests owing to their closed, tall canopies, so
selection may occur in riparian habitats to favor taller, competitive trees, giving wood density more of a
structural role in riparian than non-riparian ecosystems, but not in systems with less light competition.
The high taper, non-riparian species were all oaks, including species with deep roots that can penetrate
groundwater [49,50]. A large dataset covering more sites would be needed to determine if the oaks
have a phylogenetic signal.

The California floristic province formed from the confluence of a diverse range of geofloras [29],
but this history did not explain the variation in wood density. The Madro-Tertiary geoflora has been
associated with the modern chaparral species in California and associated with the development of a
Mediterranean climate in California [30]. Species with Madro-Tertiary ancestry did not significantly
differ in climate niche than species with temperate Arcto-Tertiary history, suggesting that paleoclimatic
influences do not clearly shape modern climate niches in this community. There were neither strong
influences of paleoclimatic history on wood density directly nor on the effects of climate or taper on
wood density. A more comprehensive study of the traits and climate niches of Madro-Tertiary versus
Arcto-Tertiary geofloras could reveal more subtle legacies of their biogeographic origins, but we found
little preliminary evidence of geofloristic legacies in this community.

Surprisingly, the wet edge of climate moisture deficit best predicted wood density when compared
with other climate variables. This contrasts with meta-analyses conducted at regional and global scales
where mean annual temperature and mean annual precipitation of the sampling site explained patterns
in wood density across many species [11,20,21] and higher wood density was associated with decreased
drought mortality [26]. The positive relationship between wood density and climate moisture deficit is
consistent with previous literature, but it is surprising that this trend does not appear for the dry edge.
For a Mediterranean plant community, Camarero (2019) found that the relationship between April
precipitation and tree growth was the strongest in the species with the highest wood density and that
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the wet season particularly influenced radial growth rates [6]. In contrast, for a Mediterranean climate
in South Africa, xylem density positively correlated with seasonal water stress, suggesting that the dry
edge of climate niche was more of an influence [10]. For tropical and subtropical forests, wood density
positively related to aridity across sites [22,25,27]. Meanwhile, in a tropical forest, deciduous versus
evergreen leaf habit mediated the degree of variation in wood density in response to rainfall [51].
A water-stressed Mediterranean climate may select for lower wood density in wet environments rather
than higher wood density in dry environments. Structural and competitive constraints may have more
of an influence on wood density in wetter ecosystems, where it is more advantageous to grow tall and
fast. Selection for extremely efficient water transport may occur in wetter climates where increased
conductivity has an advantageous impact on plant fitness.

In order to better understand landscape-level variation in wood density, a more nuanced approach
is required beyond the species-mean climate–wood density correlations used in global analyses.
Moreover, examining relationships between climate and wood density alone may overlook the
influence of structural constraints and habitat specialization on wood density. Structure influenced
wood density only for riparian species, suggesting that the relationship between wood density and
allometry is highly context-specific, and that differences in habitat specialization across a landscape
should be accounted for. A disconnect often exists between the climate and wood density correlations
observed at regional levels and the microsite influences on wood density at localized scales [6,11,18–20].
Our findings caution against the overgeneralization of how structural constraints influence wood
density across ecosystems. Further research is needed to explore the complexity of factors, such as
climate, allometry, and habitat specialization, that shape wood density variation at a community level.
Understanding how these factors drive functional tradeoffs in wood traits can provide more nuanced
insights into the biological mechanisms by which these tradeoffs occur. Elucidating the extent to which
climate and local habitat explain wood functional traits is relevant in the context of increasing water
stress resulting from anthropogenic climate change [26,52,53]. Furthermore, fire greatly shapes the
structure and composition of California ecosystems and relates to wood density in tropical forests, yet
the extent to which wood density relates to species’ responses to fire remains unknown [54]. Finally,
an exploration of within-species patterns of wood density and allometry between individuals might
elucidate some of the fundamental structural constraints driving the patterns we found in riparian
specialists in this comparative study.

5. Conclusions

In summary, we found that a negative relationship occurred between the basal diameter to height
ratio and wood density only for riparian habitat specialists. Geofloristic history had little influence
on relationships between wood density and climate in our woody plant community. The wet edge
of climate moisture deficit further explained variation in wood density. These results suggest a
more nuanced approach is required in order disentangle the drivers of wood density variation at a
community level.
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Abstract: Increasing atmospheric CO2 concentration and nitrogen deposition are, among the global
change related drivers, those playing a major role on forests carbon sequestration potential, affecting
both their productivity and water-use efficiency. Up to now, results are however contrasting, showing
that the processes underlying them are far from being fully comprehended. In this study, we adopted
an innovative approach to simulate the increase of N deposition in a sessile oak forest in North-Eastern
Italy, by fertilizing both from above and below the canopy. We observed the dynamics of basal area
increment, intrinsic water-use efficiency and of several leaf functional traits over 4 years, to evaluate
how the added nitrogen and the two different fertilization system could affect them. We were not able,
however, to detect any shift, besides a common yearly variability related to a prevailing background
environmental forcing. To this end, we considered as relevant factors both the short time-span of
the observation and the relatively low rate of applied nitrogen. Therefore, we stress the importance
of long-term, manipulative experiments to improve the understanding of the C sequestration and
mitigation ability of forests in response to increased N deposition.

Keywords: Sessile oak; deciduous forest; carbon sequestration

1. Introduction

Atmospheric carbon dioxide concentration (Ca) increase and nitrogen (N) depositions are
considered among the climate change-related drivers that play a major role on forest productivity and
carbon (C) sequestration potential [1,2]. However, evidences on the effect of rising CO2 levels on forest
productivity, as well as on the intrinsic water-use efficiency (iWUE) of trees are still contrasting. In fact,
although several authors reported a positive relationship between forest growth and iWUE [3–5]
especially in drought prone sites an increase in Ca was not followed by a corresponding increase in
tree growth, though an increase in iWUE was observed [6,7]. In the last decades, nitrogen oxides
(NOx) emitted during fuel combustion and ammonia volatilization resulting from intensive agriculture
have increased atmospheric N deposition, mostly as NO3

− and NH4
+, especially in the Northern

Hemisphere [8]. Similarly to CO2 increase, N deposition is thought to improve forest productivity and C
storage [9], as both temperate and boreal forests are considered N-limited ecosystems [10,11]. However,
also concerning the effect of atmospheric N deposition on forest ecosystem, contrasting results are
reported in the literature. Some long-term experiments showed that chronic soil N addition could
have negative effects on forest growth and soil organic matter mineralization due to the N-saturation
process [12]. At the same time, other authors have shown an important stimulating effect of N
deposition on forest biomass accumulation [13] and consequently on the overall ecosystem carbon (C)
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storage potential [9,14]. Erisman et al. [15], reviewing a number of studies based on experimental data
and model simulations, reported C sequestration rates up to 160 kg of C per kg of N added, with most
of the results ranging between 35 and 65 kg C/kg N. These conclusions are also supported by the results
of long-term manipulation studies, where N has been added to the soil for periods of more than a
decade [16]. In these studies, N deposition was found to exert an effect on the water use efficiency at the
tree level by increasing either the leaf area [17] or the photosynthetic capacity [18]. Short-term studies
showed different responses to increased N inputs, related both to an enhancement of assimilation
rate (A) [19,20] and to a reduction of stomatal conductance (gs) [21]. Overall, the discrepancies of the
available research results suggest that more long-term experimental studies are needed for a better
understanding of the response of forests to environmental changes and to elucidate the mechanisms
behind the sensitivity of forest productivity to N addition. Furthermore, most of the manipulation
experiments performed so far have simulated increase in N depositions providing N fertilization on
the forest floor, bypassing the tree canopy [22]. However, it has been shown that tree canopy can
absorb a large amount of N from atmospheric deposition [23,24]. The passage through the canopy
can determine a change in the chemical form of the N input with deposition [24–26]. Results from
previous fertilization experiments may therefore have been biased by the absence of the interaction
with the canopy, which should be included in experimental designs if the real impact of N depositions
on forest ecosystems has to be assessed. Nitrogen deposition is expected to increase in many regions
and has been predicted to almost double globally by 2050 [27]. Therefore, to know the sensitivity of
forest ecosystem to N deposition is crucial to guide forest managers’ choices in times to come. In this
study, we present the first results of a long-term experiment, where N was add to the forest both from
above and below the canopy. Specifically, the aim was to assess the short-term effects of the differential
N fertilization systems on forest growth, iWUE and on several leaf functional traits.

2. Results

The correlation matrix shows a significant relation between iWUE and leaf area index, (LAI),
as well as between LAI and canopy N content and relative leaf N concentration (Table 1). The other
parameters do not result to be significantly correlated. No significant correlations are evidenced when
the dataset is split by single treatment.

Table 1. Correlation matrix for basal area increment (BAI), intrinsic water use efficiency (iWUE), relative
leaf nitrogen content (Nleaves), leaf area index (LAI), leaf mass per area (LMA) and canopy nitrogen
content (Ncanopy). For each variable in the first row are the Pearson correlation coefficients, whereas in
the second row, in italic, are the significance values (p < 0.05). Significant correlations are highlighted
in bold characters.

BAI iWUE LAI LMA Ncanopy Nleaves

BAI
0.0333 0.2139 −0.0269 0.2658 0.1880
0.8472 0.2104 0.8674 0.1171 0.2722

iWUE
0.0333 −0.3310 −0.1426 −0.2403 0.3178
0.8472 0.0487 0.4068 0.1580 0.0589

LAI
0.2139 −0.3310 −0.2953 0.5895 −0.0401
0.2104 0.0487 0.0804 0.0002 0.8165

LMA
−0.0269 −0.1426 −0.2953 0.3290 0.0746
0.8674 0.4068 0.0804 0.2060 0.6654

Ncanopy
0.2658 −0.2403 0.5895 0.3290 0.6114
0.1171 0.1580 0.0002 0.2060 0.0001

Nleaves
0.1880 0.3178 −0.0401 0.0746 0.6114
0.2722 0.0589 0.8165 0.6654 0.0001
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Regardless of the fertilization method, the basal area increments obtained from girth tape
measurements present a clear inter-annual variability with higher values in 2016 and 2018, which
are common to all the plots (Figure 1a). According to the general linear model (GLM) repeated
measurements, the effect of the N addition was never significant, whereas the time, i.e., the years,
resulted to be a highly significant factor (Table 2). Moreover, no significant interaction between year
and treatment was detected for this variable. The same pattern emerges when taking into consideration
the iWUE, the leaves N content, as well as the total canopy N content (Figure 1b–f), though with
different trends among the single variable.

 
Figure 1. Trend of basal area increment (BAI, a), intrinsic water use efficiency (iWUE, b), relative leaf
nitrogen content (Nleaves, c), leaf area index, (LAI, d), leaf mass per area (LMA, e) and canopy nitrogen
content (Ncanopy, f), observed in the three different treatments during the 4 years observation period.
Data points represent mean values of three plots. SE are shown in vertical bars. Black line = above
canopy fertilization; dark grey line = below canopy fertilization; light grey = control).
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Table 2. Results for the general linear model (GLM) repeated measures, considering the treatment
as between-subject factor and years as within-subject factor. The interaction between the two is also
shown. Significant statistics (p < 0.05) are highlighted in bold characters. Variables are: basal area
increment (BAI), intrinsic water use efficiency (iWUE), relative leaf nitrogen content (Nleaves), leaf
area index (LAI), leaf mass per area (LMA) and canopy nitrogen content (Ncanopy).

Variable F p

Treatment

BAI 0.119 0.890
iWUE 0.228 0.803

Nleaves 0.180 0.839

LAI 1.936 0.225
LMA 2.060 0.208

Ncanopy 2.060 0.208

Year

BAI 16.985 0.000
iWUE 21.986 0.000

Nleaves 62.191 0.000
LAI 2.867 0.065

LMA 2.925 0.062
Ncanopy 11.638 0.000

Year × Treatment

BAI 0.358 0.896
iWUE 0.310 0.923

Nleaves 1.097 0.401
LAI 0.156 0.985

LMA 2.324 0.077
Ncanopy 0.406 0.865

The iWUE displayed a particularly high value in 2017. The leaf N concentration is decreasing in
2016 and then constantly increasing in 2017 and 2018, whereas canopy N content decreased in 2016,
remained constant in 2017 and increased in 2018. Values of LAI were slightly higher in 2016, while
LMA was decreasing in 2016 and 2017 and increasing in 2018 in the treated plots, but remained more
or less constant in the control plots throughout the whole period. However, for both LAI and LMA,
the effect of year was not significant, as well as that of the treatment and the interaction between time
and treatment (Table 2).

3. Discussion

The aim of this study was to evaluate the short-term effects of N addition by using two different N
fertilization systems, above and below the canopy, on tree growth, intrinsic water-use efficiency at leaf
level and on several leaves functional traits. To our knowledge, very few experimental studies explored
the effects of N depositions on forest ecosystems through canopy fertilization [24,28,29]. Even less did
it by comparing N fertilizer addition on the ground and above the canopy [22], or by investigating the
iWUE changes after N fertilizations through stable isotope analyses [30]. Most probably, the reasons
behind this deficiency are the costs, effort required and intrinsic difficulties of such an approach.
However, this leads to a crucial lack of knowledge regarding the way that N depositions naturally
occur. In fact, the amount of N intercepted by the canopy can represent a significant part of the overall
N reaching the ecosystem. For instance, Gaige et al. [24] showed that, in a North-American coniferous
forest, the canopy layer retains from 57% to 75% of the NO3

- and from 73% to 83% of the NH4
+. Thus,

neglecting this portion of the overall N cycle can lead to relevant biases in the understanding of the
forest ecosystem functioning.

Depending on tree species and original nutritional status, nitrogen deposition was found to affect
plant transpiration and stomata conductance on leaf, tree and stand scales influencing in turn net carbon
assimilation and climate change mitigation potential [31]. However, the existing studies reported
often contrasting results and the mechanisms that are behind the response of forests to N depositions
in terms of water balance and C gain are still matter of debate [15,32]. The balance between C gain
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and water loss by transpiration is well represents by the iWUE, being the ratio of assimilation rate to
stomatal conductance. In this context, N deposition was found to increase iWUE in Quercus velutina
and Populus × euroamericana [19,30] to have no effect in Fagus sylvatica L. and Pinus sylvestris L. [21,33],
and to decrease iWUE of phosphorus-limited tropical forests [34]. N directly reaching the canopy is
readily available for uptake by the leaves, particularly in the form of NH4

+ [24] and its assimilation is
expected to increase leaf N content, affecting photosynthesis [19] and ultimately the C sequestration
potential. Therefore, the magnitude of the interception might have a greater impact on the C cycle and
on the potential of forest ecosystems to act as carbon sink [9]. In fact, photosynthetic rate was found to
be strictly correlated to leaf N content in many studies and generally associated with an increased
rubisco activity [35]. Since it has been observed that the canopy reacts faster to N additions [20], in our
study we were expecting to find already in the short-term a divergent response of the NAB treated
plots when compared to the NBL plots. However, no clear effect of the treatment was found and only
a temporal trend was detected, regardless of the treatment, which likely points to a still prevailing
role of the local conditions in determining the variations of the investigated parameters. For instance,
we observed a common and consistent trend of iWUE for all the treatments that could be ascribed to
local climatic variability, while the influence of the N addition on the carboxylation [35], and hence
on the A component of the iWUE, could still be masked by the former. The magnitude of the trees’
reaction to N fertilization can be mostly ascribed to the stand species mixture and age, the background
deposition as well as the amount and duration of N addition [36]. In this study, the absence of evident
effects might be related to the time needed for an ecosystem such as an oak adult high-forest to shift
its N cycle in response to added N, applied either above or below canopy. Among the studies that
assessed the relationship between N, C and water cycles, Jennings et al. [30] investigated the behavior
of both iWUE and tree growth on a 60 years old black oak forest following long-term manipulative
fertilizations, and showed that there was a positive effect on both. Similar findings were also obtained
by Cornejo-Oviedo et al. [37] on a 20 years old Douglas fir plantation. Here, N fertilization had a
positive impact on iWUE, the increase of which promoted tree growth. The results of these studies,
however, were gathered respectively after 23 years and after 7 years since the start of the experiment,
whereas the time span of our study consists of only 4 years of observations after the beginning of the
treatments. On the other hand, Guerrieri et al. [20] found a positive response of the iWUE in a Sitka
spruce plantation already within 5 years. Nevertheless, this suggests that both the age of the stand and
the ecology of the studied species might play a significant role. Our forest is, in fact, similar to the
former case, being all the stands at around 80 years of age, whereas the latter two are young plantations
of fast-growing species, in which the elevated N inputs applied (224 kg N/ha in the Douglas fir stand)
likely triggered a much faster response. At this point, a second issue must be taken into consideration,
i.e., the amount of added N. Though in this study this is not low if compared to the background
N deposition levels in the Monticolo site, it could be a further possible explanation of the lack of
a short-term response, especially when compared to similar manipulative experiments. Different
studies reported that only high levels of N addition would result in higher leaf N content [38–40],
with different species and forests being insensitive to low inputs of N deposition [41–43]. In line with
the above-mentioned studies, both leaf N content and total canopy N content were unaffected by
the external N addition in our experiment. This result helps to explain the absence of physiological
response to nitrogen treatments in terms of both WUE and growth rate that we observed in our study.
Besides the above-mentioned research of Cornejo-Oviedo et al. [37], other studies focusing on either
below canopy fertilization or on both above and below addition normally applied greater quantities
of N. For instance, Sheppard et al. [44] applied N at two different rates (48 and 96 Kg N ha−1 yr−1);
Jennings et al. [30] applied 50 and 150 kg N ha−1 yr−1 and Zhang et al. [22] 25 and 50 kg N ha−1 yr−1.
Only Gaige et al. [24] applied a quantity similar to the one added in this study (18–20 kg N ha−1 yr−1),
though for a longer period than in our experiment. This suggests that 4 years is still a short time to
allow observing a clear reaction of the studied forest to the N addition, regardless of the fertilization
system. To this end, our results show that the leaves N% was changing in a common way among
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the treatments almost all the time, with the NAB showing a higher value only in 2018, though not
significant. Moreover, not overly elevated N addition rates and a less fast responding forest ecosystem
might have easily interacted and, combined, contributed to the observed lack of effects on both tree
growth, iWUE and the leaves functional traits.

4. Material and Methods

4.1. Study Site and Experimental Design

The study area is located in Monticolo (46◦25′35′′ N; 11◦17′55′′ E), in the Autonomous Province
of Bolzano, Italy, at about 550 m above sea level (a.s.l.). The forest stand in which the plots have been
established is composed of Sessile oak (Quercus petraea L.), up to 97%. Minor species are Scots pine
(Pinus sylvestris L.), sweet chestnut (Castanea sativa Mill.) and several others occurring sporadically,
such as lime (Tilia cordata Mill.), European hop-hornbeam (Ostrya carpinifolia Scop.) and silver birch
(Betula pendula Roth). The main biometric characteristics of the forest stand at the beginning of the
experiment are reported in Table 3.

Table 3. Species mixture, total basal area and stand characteristics of the forest stand at the beginning
of the experiment. Stand characteristics referred to sessile oak population only (gm: average basal area;
dmg: diameter at average basal area; hmg: height at average basal area diameter; Hd: dominant height
(average height of the tallest 100 trees); V: standing volume).

N Trees G (Basal Area) Stand Characteristics

N/ha % m2/ha %

Quercus petraea 1125 95.62% 26.969 95.31% gm (m2/ha) 0.02
Tilia cordata 20 1.67% 0.260 0.92% dmg (cm) 17.50

Castanea sativa 2 0.21% 0.005 0.02% Hmg (m) 13.37
Ostrya carpinifolia 12 1.04% 0.147 0.52% Hd (m) 16.40

Pinus sylvestris 15 1.25% 0.786 2.78% V (m3/ha) 215.47
Acer spp. 2 0.21% 0.001 0.01%

Total 1177 28.168

The forest lies on an acid brown soil originating from porphyritic quartz rock. Average annual
temperature at the site is 11.4 ◦C, whereas average annual precipitation is 800 mm [45]. The experimental
design consisted of a set of nine circular plots (12 m radius), three for each different treatment:
unfertilized control plot, fertilization by adding NH4

+NO3
− directly to the ground (i.e., traditional

fertilization, NBL) and fertilization by adding NH4
+NO3

− to the canopy by aerial mist spraying (i.e.,
aerial fertilization, NAB; Figure 2). The nine plots were arranged in a completely randomized design
and were established close to each other, in an area of about 200 m of length, but with at least 10 m of
distance between each plot. This was chosen in order to minimize the variation of stand conditions
while avoiding issues related to drifting of the fertilizer during applications. The NH4

+NO3
− solution

(4.3 g N/L) was applied at ground or canopy level (at 15–18 m height, depending on plot maximum tree
height) by aerial mist spraying, resulting in a deposition of 20 kg ha−1 yr−1, which was more than three
times higher than background atmospheric N deposition [45]. A gasoline powered pump (Officine
Carpi S.R.L., Poviglio, Reggio Emilia, Italy) was used to ensure the needed pressure. The pump was
then connected, for aerial fertilization, to rotating sprinklers (Rain Bird SNC, Aix-en-Provence, France)
mounted on telescopic posts (Fireco S.R.L., Gussago, Brescia, Italy) installed at the center of the Nab

plots. These sprinklers provided a spray radius of 12 m, covering the whole plot when operating at a
pressure of 2 bars. Tests on the uniformity of the quantity of water provided in the covered area were
performed before installation. For NBL plots, the NH4

+NO3
− solution was applied manually with a

water hose and a spray nozzle, paying attention to uniformly distribute the solution in the treated area.
The fertilization was provided in five application dates, monthly from May to September starting from
May 2015. The amount of water provided in each plot with fertilization (210 L H2O yr−1) is equivalent
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to a precipitation of 0.46 mm for the season, which is negligible if compared to the average annual
precipitation of the region.

 

Figure 2. Illustrated scheme of the fertilization system adopted in this study. NBL = below canopy
fertilization; NAB = above canopy fertilization; control = no fertilization.

4.2. Tree Growth

At the beginning of the experiment, in 2014, we measured all diameters of each tree within the
plots using a tree caliper, with a threshold of 5 cm at breast height (i.e., DBH, 1.30 m). Successively,
we placed permanent girth tapes D1 (UMS Gbh, München, DE, Germany) on a subsample of 10 trees
per each plot, stratified according to the relative distribution of trees within the DBH classes, in order
to obtain measurements as representative as possible of the whole stand growth (see Table S1 for
information about number of trees, mean diameter and coefficient of variation for each plot). We then
read the girth tapes values every year before the start of the growing season (January or February),
from 2015 to 2019. The obtained radial increment values were then transformed in basal area increment
(BAI) values, referred both to the plot surface and to the hectare.

4.3. iWUE and Leaves Parameters Data Collection

Discrimination against the heavier C stable isotope occurs during the photosynthetic process.
Therefore, plant tissues are generally depleted in 13C if compared to the atmospheric CO2 and the 13C
isotopic signature (δ13C) in leaves reflects changes in the ci/ca ratio, which is the ratio between CO2

concentration in the leaf intercellular spaces (ci) and in the atmosphere (ca). These are linked to changes
in both A and gs. This relationship is described in the simplified Farquhar equation as follows [46]:

δ13Cp = δ13Ca − a − (b − a) (ci/ca), (1)

where δ13Ca is the isotopic signature of atmospheric CO2, a is the fractionation for 13CO2 during
diffusion through air (4.4‰) and b is the fractionation occurring during carboxylation (27‰) by the
Rubisco enzyme. From this equation, it is possible to derive ci as follows:

ci = ca ((δ13Ca − δ13Cp − a)/(b − a)). (2)

Therefore, given the values of CO2 atmospheric concentration and those of atmospheric and leaf
δ13C, it is possible to estimate the intrinsic water-use efficiency (iWUE; A/gs) by the following equation:

iWUE = A/gs = (ca − ci)/1.6 = (ca − (ca (δ13Ca − δ13Cp − a)/(b − a)))/1.6. (3)
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Oak leaves were sampled in July of four consecutive years (2015–2018) for stable isotope analysis
and both relative N concentration and leaf mass per area (LMA) determination. We randomly sampled
30 fresh leaves in each plot, taken from several trees and only from the part of the canopies directly
exposed to light radiation through telescopic pruning shears. Immediately after the sampling, we
weighted each single fresh leaf and measured the respective leaf area through a LI-COR 3000C (LI-COR,
Lincoln, NE, USA), in order to determine the LMA. Afterwards, the leaves were oven dried overnight
at 60 ◦C, pooled for each plot and milled. The obtained powder was then used for the δ13C isotopic
analyses. The analysis was done by using an EA elemental analyzer (Flash 2000, Thermo Scientific,
Waltham, MA, USA) connected to an isotope ratio mass spectrometer (Delta V Advantage, Thermo
Scientific, Waltham, MA, USA) via a continuous flow interface (ConFlo IV, Thermo Scientific, Waltham,
MA, USA). Isotope ratios were expressed as permil δ notation (δ = (Rsample/Rstandard) − 1 × 1000)
relative to VPDB international standards for 13C. Moreover, δ13C values were corrected for the “Suess
effect” [47], i.e., the decrease of atmospheric δ13C due to emissions of 13C depleted carbon dioxide since
the onset of industrialization. Data for correction were retrieved from NOAA mean annual CO2 data
(www.esrl.noaa.gov/gmd/ccgg/trends). iWUE values were calculated using Equation (3). Together
with the isotope signature of leaves, also N content was measured.

The total leaf area index (LAI) per plot was determined from litterfall quantification, by means of
three litter traps with a collecting area of 1590 cm2 each, placed in every plot and surveyed periodically
each year from November to January. Eventually, by multiplying the N concentration by LMA and
LAI we obtained the canopy total N content (g N/cm2).

4.4. Data Analysis

The results obtained in terms of tree growth (BAI), iWUE and leaves functional traits (leaves N
content, LMA, LAI and canopy total N) were related through a correlation analysis (IBM SPSS 25,
IBM, Armonk, NY, USA) by pooling all the data together and by splitting the data-set by N addition
treatment (NAB, NBL and NCTRL), including all sampled years. To understand at what extent the
different treatments affected the changes of the considered features over time, we applied a general
linear model (GLM) repeated measures procedure, using IBM SPSS 25 software (IBM, Armonk, NY,
USA), including all the considered variables, with the sampling years as within-subject factor and the
fertilization treatment as between-subject factors, with a significant level of 0.05.

5. Conclusions

After 4 years of additional N supply, both above and below the canopy, we were not able to detect
an effect on tree growth, iWUE and some leaves functional traits. On the other hand, we observed a
common pattern for almost all the investigated parameters, hinting to a still prevailing background
environmental forcing on the studied stand, rather than that of the simulated N deposition. Among
the factors responsible for the lack of response, we considered as relevant both the short time-span of
the observation and the relatively low rate of N applied, particularly in relation to the forest species
and age. However, given the crucial role of N depositions in affecting the C sequestration potential of
temperate forests and their response to increased drought, also the long-term effects of the experiment
should be investigated in the future, to further understand the interactions of the above-mentioned
factors and the overall forest climate change mitigation potential.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/1/47/s1;
Table S1: Number of trees, mean diameter and mean diameter coefficient of variation (CV) for each plot at the
time of girth tapes placement in 2014.
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Abstract: Nitrogen dioxide (NO2) is recognized as a toxic gaseous air pollutant. However, atmospheric
NO2 can be absorbed by plant leaves and subsequently participate in plant nitrogen metabolism.
The metabolism of atmospheric NO2 utilizes and consumes the light energy that leaves absorb. As such,
it remains unclear whether the consumption of photosynthetic energy through nitrogen metabolism
can decrease the photosynthetic capacity of plant leaves or not. In this study, we fumigated mulberry
(Morus alba L.) plants with 4 μL·L−1 NO2 and analyzed the distribution of light energy absorbed by
plants in NO2 metabolism using gas exchange and chlorophyll a fluorescence technology, as well as
biochemical methods. NO2 fumigation enhanced the nitrogen metabolism of mulberry leaves, improved
the photorespiration rate, and consumed excess light energy to protect the photosynthetic apparatus.
Additionally, the excess light energy absorbed by the photosystem II reaction center in leaves of mulberry
was dissipated in the form of heat dissipation. Thus, light energy was absorbed more efficiently in
photosynthetic carbon assimilation in mulberry plants fumigated with 4 μL·L−1 NO2, which in turn
increased the photosynthetic efficiency of mulberry leaves.

Keywords: nitrogen dioxide; nitrogen metabolism; photorespiration; heat dissipation; excess absorbed
light energy; electron transfer; photochemical efficiency

1. Introduction

Atmospheric nitrogen oxides (NOx) mainly include nitric oxide (NO), nitrogen dioxide (NO2),
dinitrogen trioxide (N2O3), dinitrogen monoxide (N2O), and dinitrogen pentoxide (N2O5). Nitrogen
oxides other than NO2 are extremely unstable and can be converted to NO2 in the presence of light,
humidity, or heat [1]. NO2 sources are divided into natural and man-made sources. Natural sources
mainly include lightning, stratospheric photochemistry, and microbiological processes in ecosystems. NO2

formed in nature is generally in ecological balance at a natural point of equilibrium, which is low relative to
man-made air pollution [2]. The emission of NO2 from man-made sources is indeed the main component
of atmospheric pollutants, which forms aerosol particles of nitric acid with particulate matter in the air.
These aerosols form secondary pollution with pollutants from sources that include fossil fuel and biomass
combustion as well as various electroplating, carving, welding, and other industrial emissions [3,4].

NO2 not only causes acid rain, but also changes the competition and species composition
among wetland and terrestrial plant taxa, reduces atmospheric visibility, increases acidification and
eutrophication of surface water, and increases the toxin content of fish and other aquatic organisms [5].
Cheng et al [6] found that tiny particles of water in the air act as incubators during hazy conditions and
trap NO2 to interact and form sulfate. Additionally, stationary polluted weather systems accelerate
chemical reactions, trapping near-surface NO2, leading to NO2 concentrations that are more than

Forests 2019, 10, 312; doi:10.3390/f10040312 www.mdpi.com/journal/forests143



Forests 2019, 10, 312

three times higher than that found in sunny weather. This increase in aerosol mass concentration
leads to an increase in water content, accelerating the accumulation of sulfate and causing severe
haze. In addition, NO2 is also a respiratory system irritant. After being inhaled, NO2 first affects the
respiratory organs, the lungs in particular. The combination of nitrite and nitric acid that occurs when
NO2 encounters mucus membranes is a strong irritant with corrosive effects [7].

NO2 affects the normal growth of plants. When NO2 concentrations are higher than the annual
average NO2 concentration limit of 53 ppb in the United States [8], NO2 can damage the leaves of plants,
causing chlorosis in angiosperms, needle burns in conifers [9,10], reduced leaf area [11], and lower
stem weights [12]. However, when the concentration of NO2 is lower than the average annual NO2

concentration of 53 ppb in the United States, the total leaf area, nutrient intake, and aboveground
biomass were more than doubled [13,14]. Similar results have been found in different plant species,
including Arabidopsis thaliana [15,16], tobacco (Nicotiana plumbaginifolia L.) [17], and crops such as
lettuce (Lactuca sativa L.), sunflower (Helianthus annuus L.), cucumber (Cucumis sativus L.), and squash
(Cucurbita moschata L.) [9]. In addition, atmospheric NO2 can shorten flowering periods in tomato
(Solanum lycopersicum L. ‘Micro-Tom’), increasing the number of flowers and the yield of the fruit [18].

In China, the concentration of NO2 emission, which caused formation of fine particulate matter
(PM2.5), is not enough to injure tree plants. As a result, trees have been used to absorb atmospheric
nitrogen dioxide to reduce atmospheric PM2.5 [19].

Photosynthesis is the foundation of plant growth and development, and the primary source of
photosynthetic energy is light [20]. When the absorption of light energy is excessive, the excess excitation
energy can harm the photosynthetic systems, causing photosynthetic inhibition, and even photooxidation
and photodamage. Plants have multiple photoprotective mechanisms that reduce the potential harm of
excess light energy to the photosynthetic apparatus under strong light. Reducing excess energy in addition
to heat dissipation dissipates energy by other means [21]. Nitrogen metabolism and photorespiration also
use and consume light energy or photosynthetic electrons absorbed by leaves [22,23]. However, it is unclear
whether this consumption of photosynthetic energy will reduce the photosynthetic capacity of plant leaves
and thereby hinder the growth and development of plants.

Mulberry, which has strong adaptability to the environment, has been an important economic tree
species in China since ancient times. Nowadays, mulberry can be used for sericulture, new high-protein
forage grass, fruit tree, and greening trees in northeast China [24–26]. We have studied the response of
mulberry to atmospheric pollutant SO2 and found that mulberry is very sensitive to it [24]. We also studied
the response characteristics of mulberry to nitrogen and obtained significant results in the absorption and
metabolism of nitrogen by mulberry trees [27–30]. We think atmospheric NO2 also affects the nitrogen
metabolism of mulberry trees. In the present study, we fumigated mulberry leaves with NO2 and assessed
the impact on nitrogen metabolism, photorespiration, photosynthetic energy distribution, and electron flow
distributions. Our assays characterized the response of photosynthetic efficiency to light energy used and
consumed by mulberry plants, including the absorption of NO2 via nitrogen metabolism in vivo.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Seedlings of Morus alba L. were selected as experimental materials. Mulberry seeds were provided
by the Heilongjiang Sericulture Institute of Heilongjiang Province in China. Seeds with strong, full,
and uniform size were selected, disinfected with 75% ethanol for 3min, rinsed with distilled water
for 5–6 times, and soaked with distilled water at 25 ◦C for 24 h. The seeds were blotted with sterile
filler paper and sown into the seedling tray. Two seeds were sown in each hole. After germination
and cultivation, the test seedlings were grown to a height of 10 cm and then transplanted into pots
with a diameter of 12 cm and a height of 15 cm. Experimental seedlings were cultured in a seedling
greenhouse with an average temperature of 28/25 ◦C (light/dark), light intensity of 400 μmol m−2·s−1,
photoperiod of 12 h/12 h (light/dark), and relative humidity of about 75%. The culture substrate
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was uniformly mixed with peat and vermiculite, and irrigated with 800 mL of tap water every 2 days.
In order to ensure relative consistency of the experimental materials, the branches and leaves of the
mulberry seedlings were removed at the time of transplantation, such that only 5 cm of the main
root and the main stem were preserved. Two plants were planted into each pot, with 80 plants in
total cultivated. When the seedlings had grown to a height of 30–40 cm, 12 mulberry seedlings with
uniform growth were selected for NO2 fumigation treatment.

2.2. NO2 Fumigation Treatment

The gas fumigation box was a custom-made open-top automatic monitoring gas concentration
device [31]. The NO2 cylinder (Dalian Date Gas, Dalian, China) was connected to an electromagnetic
valve and axial flow fan as the air supply source. Solenoid valve controls regulated the test gas,
while the axial flow of the fan is used to send the test gas into the air chamber. A gas pressure reducer
and a gas flowmeter in the middle of the gas delivery system control the gas flow. A solenoid valve
associated with the micro-flux switch valve controls the average flow in low-frequency pulse width
modulation (PWM) mode. The gas chamber was composed of organic glass in the shape of a six-sided
prism, with a cross section diagonal length of 1.16 m and height of 1.85 m. Vent holes were set on the
top, with a gas grid plate 0.30 m from the bottom of the chamber. The NO2 gas first enters the bottom
space under the gas grid, and then passes through the gas chamber from the bottom of the 1200 holes,
each with a diameter of 2 mm and evenly distributed across the grid plate. A fan was installed at
the top of the fume chamber to ensure that the conditions were evenly distributed among the plants.
The concentration of NO2 used in the experiment was 4 μL·L−1, and the concentration was selected
according to our pre-experiment results. We used 0.5, 1, 2, 4, 6, 8 μL·L−1 NO2 to fumigate mulberry
leaves. The results showed that the net photosynthetic rate in leaves of mulberry was the highest as
NO2 concentration 4 μL·L−1. The fumigation time is 4 hours/day, from 7:30 to 11:30; the temperature
in the fumigation chamber was maintained at 28 ◦C. Samples were taken before the fumigation began
(0 h) and at 4 and 8 h after fumigation. The indicators of N metabolism and photosynthetic gas
exchange parameters as well as chlorophyll a fluorescence parameters were determined.

2.3. Measurement of NO3
−-N Content

An analysis of nitrate nitrogen was completed by using the salicylic acid method [32]. Standard
solutions of 500 mg/L nitrate nitrogen with deionized water to create a 20, 40, 60, 80, and 100 mg/L
series of standard solutions. Then, 0.5 g of plant material was placed into each test tube, to which 10 mL
of deionized water was added before being placed into a boiling water bath for 30 min. Afterwards,
test tubes were cooled with tap water, and extracts were filtered into volumetric flasks. The residues
were rinsed, and the samples were allowed to finally settle to 25 mL. Then, 0.1 mL aliquots of the
above series of standard solutions and sample extracts were respectively transferred into new test
tubes, and the standard solution was replaced with 0.1 mL of distilled water.

Then, 0.4 mL of 5% salicylic acid solution was added prior to each sample being shaken well with
a 20 min of room temperature incubation. After incubation, 9.5 mL of 8% NaOH solution was added,
and samples were shaken and allowed to cool to room temperature. The total volume of the sample
was 10 mL. The absorbance was measured at 410 nm with a blank as a reference. A standard curve was
drawn, and a regression equation was fitted to the standard by using the nitrate concentration as the
abscissa and the absorbance as the ordinate. The concentration of nitrate nitrogen was calculated using
the inferred regression equation, and content was calculated by using the formula NO3

−-N content
= (C × V/1000)/W, where C is the regression equation calculated NO3

−-N concentration, V is the
extract total mL of sample liquid, and W is the sample fresh weight.

2.4. Measurement of Amino Acid Content

A colorimetric analysis was done on hydrated ninhydrin for amino acids [33]. To assess amino acid
content, 200 μg/mL amino acid standard solutions were measured into volumes of 0.0, 0.5, 1.0, 1.5, 2.0,
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2.5, and 3.0 mL, respectively, and transferred into 25 mL volumetric flasks, to which water was added
until a volume of 4.0 mL was reached. Then, 1 mL of ninhydrin solution (20 g/L) and 1 mL of phosphate
buffer (pH 8.04) was added to each flask, followed by mixing and incubation in a 90 ◦C water bath until the
color became constant. At this point, samples were removed rapidly and cooled to room temperature, and
water was added until a final volume was reached. Samples were then shaken well and allowed to stand
for 15 min. The absorbance A of the remaining solutions was then determined relative to a reagent blank
as a reference solution at a wavelength of 570 nm. In the standard curve, the micrograms of amino acids
represented the abscissa, while absorbance A was the ordinate. The standard curve was drawn based on
these data, and the regression equation was then inferred.

Then, 0.5 g plant samples were added to 5 mL of 10% acetic acid and ground in a mortar. These ground
samples were then washed into 100 mL volumetric flasks, diluted to a set volume in water, and filtered into
triangle bottles for determination of the filtrate. Then, 4 mL of the clarified sample solution was subjected to
the standard curve inference procedure outlined above, in which the absorbance A value was measured
under the same conditions and the microgram content of amino acids was calculated using a regression
equation of the following form: amino acid content (μg/100 g) = C/(m × 1000) × 100, where C represents
the mass number of amino acids and the m represented the mass of the sample.

2.5. Measurement of Nitrate Reductase Activity

Nitrate reductase (NR) activity was determined using the kit produced by Suzhou Keming
Company (Suzhou, China). This kit functions by assaying how NR catalyzes the reduction of nitrate to
nitrite according to the reaction NO3

− + NADH + H+ → NO2
− + NAD+ + H2O. The resulting nitrite

quantitatively produces red azo compounds under acidic conditions with p-aminobenzenesulfonic
acid and α-naphthylamine. The generated red azo compound has a maximum absorption peak at
540 nm and was measured by spectrophotometry.

2.6. Measurement of Nitrite Reductase Activity

Nitrite reductase (NiR) activity was determined using the kit produced by Suzhou Keming
Company. This kit functions by assaying how nitrite reductase reduces NO2

− to NO, and the sample
is subjected to the diazotization reaction to generate a purple-red compound that indicates a NO2

−

decrease; that is, a change in absorbance at 540 nm reflects the activity of nitrite reductase.

2.7. Measurement of Gas Exchange Parameters

Gas exchange was measured with a portable photosynthesis system (LICOR-6400; LI-COR,
Lincoln, NE, USA). All the photosynthetic measurements were taken at a constant airflow rate of
400 μmol·s−1, and the temperature was 28 ± 2 ◦C. While using the liquefied CO2 cylinders were used
to provide different CO2 concentrations, across a CO2 concentration gradient of 50, 100, 200, 300, 400,
600, 800, 1000, and 1200 μmol·mol−1. The photosynthetically active radiation (PAR) was 1000 μmol
m−2·s−1 in order to avoid light limitation of photosynthesis. The photosynthetic rate (Pn) and stomatal
conductance of H2O (Gs) were measured. Photosynthesis curves plotted against intercellular CO2

concentrations (Pn-Ci curve) was analyzed to estimate the maximum carboxylation rate (Vcmax) of
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and dark respiration rate (Rd) [34].

2.8. Measurement of Chlorophyll A Fluorescence Transient and Light Absorbance at 820 nm

According to the method developed by Schansker et al. [35], leaves were first dark-adapted
for 20 min, and then the rapid chlorophyll fluorescence-induced kinetic curve (OJIP curve) and
820 nm light absorption curve were measured using a plant efficiency analyzer (M-PEA, Hansatech,
King’s Lynn, UK). The OJIP curve was induced under 3500 μmol·m−2·s−1 pulsed light, and the
fluorescence signal was recorded from 10 μs to the end of 2 s, with an initial recording rate of 105

data per second. The relative value of the difference between the maximum (Io) and minimum (Im)
absorbance at 820 nm, i.e., ΔI/Io = (Io − Im)/Io, was used as an index for measuring photosystem
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I (PSI) activity. The OJIP fluorescence induction curve was analyzed with reference to the JIP-test
used by Strasser et al. [36] to measure the initial fluorescence (Fo), the maximum fluorescence (Fm),
the light energy absorbed by the unit reaction center (ABS/RC), the unit reaction center captured
for the reducing energy of QA (TRo/RC), energy captured by the unit reaction center for electron
transfer (ETo/RC), and energy dissipated in the unit reaction center (DIo/RC). The potential activity
of photosystem II (PSII) was then calculated as Fv/Fo = (Fm/Fo) − 1. The maximum photochemical
efficiency of PSII was calculated as Fv/Fm = 1 − (Fo/Fm). Lastly, the number of active reaction centers
per unit area was calculated as RC/CSm = (Fv/Fm) (VJ/Mo) (ABS/CSm).

2.9. Measurement of Photochemical Quenching, Electron Transfer Rate, and Absorbed Energy of the PSII
Reaction Center

After dark adaptation of the leaves for 30 min, chlorophyll fluorescence quenching analysis
was performed using a pulse modulation fluorimeter (FMS-2, Hansatech, King’s Lynn, UK). In this
procedure, the leaf adapts to the light for the first 30 s, and the light intensity is the same as the
ambient light intensity before the measurement of the leaf (1000 μmol·m−2·s−1). The steady-state
fluorescence parameter (Fs) and electron transfer rate (ETR) under the light-adapted condition
was measured, and the saturated pulsed light (8000 μmol·m−2·s−1) was used to determine the
photochemical quenching (qP), the maximum fluorescence value (Fm

′). Then, the method of
Hendrickson et al. [37] was followed to determine the light energy absorbed by the PSII reaction
center into each of four parts [38]. That is, the following parameters were inferred: quantum yield
(ΦPSII) for the photochemical reaction, quantum yield (ΦNPQ) dependent on the proton gradient
lutein cycle on both sides of the thylakoid membrane, quantum yield of fluorescence and heat energy
dissipation (Φf,D), and the thermal dissipation of the quantum yield (ΦNF) of the deactivated PSII
reaction center. These parameters were inferred using the following formulae:

ΦPSII = [1 − (Fs/Fm
′)] [(Fv/Fm)/(Fv/FmM)]

ΦNPQ = [(Fs/Fm
′) − (Fs/Fm)] [(Fv/Fm)/(Fv/FmM)]

Φf,D = (Fs/Fm) [(Fv/Fm)/(Fv/FmM)]
ΦNF = 1 − [(Fv/Fm)/(Fv/FmM).

The sum of each of these parameters is 1, namely ΦPSII + ΦNPQ + Φf,D + ΦNF = 1 (Figure 1).

Figure 1. Energy allocation pathways of photosystem II (PSII): proportion of light energy used in the
quantum yield of PSII photochemistry (ΦPSII), xanthophyll-mediated thermal dissipation (ΦNPQ),
quantum yield used in thermal dissipation in non-functional PSII (ΦNF), and quantum yield of
fluorescent and heat energy dissipation (Φf,D).

2.10. Statistical Analysis

Excel and SPSS software were used to conduct statistical analyses on the measured data. The data
in the figure shows means of four plants ± standard deviation. Tukey Multiple Comparisons test
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was adopted to compare the differences between treatments. Different lowercase letters for the same
parameter indicate significant differences among different treatments at p < 0.05 levels.

3. Results

3.1. Effects of N Metabolism Indicators

NO2 fumigation affected nitrogen metabolism in mulberry. The nitrate nitrogen content of
mulberry leaves fumigated with NO2 increased by 56.10% (p < 0.05) at 4 h after the start of the
treatment, and when the fumigation time lasted for 8 h, it was nearly doubled (p < 0.05) compared to
the control. The amino acid content in mulberry was not significantly increased (p > 0.05) when NO2

was fumigated for 4 hours; however, it increased by 35.17% (p < 0.05) after 8 hours of fumigation.
Nitrate reductase and nitrite reductase activities increased significantly (p < 0.05) by 4 h after

the start of the treatment, and when the fumigation time lasted for 8 h, the activities enhanced
more (Figure 2a–d).

Figure 2. Effects of N Metabolism Indicators. (a) NO3
−-N content, (b) amino acid content, (c) nitrate

reductase activity, and (d) nitrite reductase activity in leaves of mulberry seedlings exposure to 4 μL·L−1

NO2 for 0 h, 4 h (4 h·d−1, for one day), and 8 h (4 h·d−1, for 2 days). Date represent means of four
plants ± standard deviations. Different lowercase letters for the same parameter indicate significant
differences among different treatments at p < 0.05 levels.

3.2. Effects of Gas Exchange Parameters

NO2 fumigation changed the Pn-Ci curve of mulberry leaves, and Pn showed an upward trend
with the increase of CO2 concentration. When the CO2 concentration was lower than 400 μmol·mol−1,
Pn increases approximately linearly with the increase of CO2 concentration. Subsequently, as the CO2

concentration continued to increase, the rate of Pn increase slowed. When the CO2 concentration
reached 1200 μmol·mol−1, the Pn-Ci gradually flattened (Figure 3a). Under the same CO2 concentration,
the Pn of mulberry leaves with NO2 fumigation was significantly higher than that of the control,
indicating that NO2 fumigation improved the carbon assimilation capability of mulberry leaves.
Stomatal conductance (Gs), the maximum carboxylation rate (Vcmax), and dark respiration rate (Rd) of
the mulberry leaves increased significantly (p < 0.05) after 4 h and 8 h of fumigation compared with
the control (Figure 3b–d).
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Figure 3. Effects of Gas Exchange Parameters. (a) Pn-Ci curve, (b) conductance of H2O, (c) the
maximum carboxylation rate, and (d) dark respiration rate in leaves of mulberry seedlings exposure
to 4 μL·L−1 NO2 for 0 h, 4 h (4 h·d−1, for one day), and 8 h (4 h·d−1, for 2 days). Date represent
means of four plants ± standard deviations. Different lowercase letters for the same parameter indicate
significant differences among different treatments at p < 0.05 levels.

3.3. Effects of Distribution of Light Absorbed by PSII

Of the light energy absorbed by PSII, the fraction allocated to photochemical conversion (ΦPSII),
increased slightly, while the fraction dissipated nonphotochemically in a manner dependent on the
trans-thylakoid proton-gradient and the xanthophyll cycle (ΦNPQ) increased after NO2 fumigation.
By contrast, the proportion of basic fluorescence quantum yields and heat-dissipated quantum yields
(Φf,D) and heat-dissipation quantum yields of inactive PSII reaction centers (ΦNF) declined after NO2

fumigation. The proportions of ΦNPQ and ΦPSII increased by 2.49% (p < 0.05), 36.23% (p < 0.05) at 4h
and increased by 5.67% (p < 0.05), 41.07% (p < 0.05) at 8h. By contrast, the proportions of Φf,D and ΦNF

decreased by 5.01% (p < 0.05), 60.41% (p < 0.05) at 4h and decreased by 10.34% (p < 0.05) and 75.74%
(p < 0.05) at 8 h (Figure 4). The quantum yield for heat dissipation in mulberry leaves fumigated with
4 μL·L−1 NO2 was reduced to increase the photosynthetic energy used for photochemical reaction.
As shown in Figure 7, the partial energy from total energy absorbed by mulberry leaves fumigated by
NO2 was used for NO2 metabolism; whether this affects the activity of PSII and PSI is discussed in the
following sections.

Figure 4. Light energy used for quantum yield of PSII photochemistry (ΦPSII), xanthophyll-mediated
thermal dissipation (ΦNPQ), basic fluorescence quantum yield and heat dissipation quantum yield
(Φf,D), and quantum yield used in thermal dissipation in non-functional PSII (ΦNF) in leaves of
mulberry seedlings exposure to 4 μL·L−1 NO2 for 0 h, 4 h (4 h·d−1, for one day), and 8 h (4 h·d−1,
for 2 days). Date represent means of four plants ± standard deviations. Different lowercase letters for
the same parameter indicate significant differences among different treatments at p < 0.05 levels.
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3.4. Effects of Chlorophyll A Fluorescence Transient

NO2 fumigation significantly changed the shape of OJIP curves. The fluorescence intensity at
points O and J (Fo and FJ, respectively) decreased, and the fluorescence intensity at points I and P
(FI and Fp, respectively) increased significantly. The OJIP curves of the leaves were normalized to the
span O-P. The variable fluorescence at point J on the OJIP curve of leaves was significantly increased
by NO2. The difference between the normalized O-P curve and the control was assessed, and the
difference between ΔVt and the control at point J was most significant at 2 ms (Figure 5a–d).

Figure 5. Effects of Chlorophyll A Fluorescence Transient. (a) OJIP transmission, (b) fluorescence
intensity at points O, J, I, and P, (c) standardized OJIP transmission, (d) standardized OJIP transmission
and CK in leaves of mulberry seedlings exposure to 4 μL·L−1 NO2 for 0 h, 4 h (4 h·d−1, for one day),
and 8 h (4 h·d−1, for 2 days). Date represent means of four plants ± standard deviations. Different
lowercase letters for the same parameter indicate significant differences among different treatments at
p < 0.05 levels.

3.5. Effects of PSII activity

NO2 fumigation had a significant effect on PSII potential photochemical activity (Fv/Fo), PSII
maximum photochemical efficiency (Fv/Fm), photochemical quenching (qP), electron transport rate
(ETR), and number of active reaction centers per unit area (RC/CSm), which is shown in Table 1. Fv/Fo,
Fv/Fm, qP, ETR, and RC/CSm increased by 33.44% (p < 0.05), 1.22% (p < 0.05), 30% (p < 0.05), 33.64% (p
< 0.05), and 27.07% (p < 0.05) at 4 h, respectively, and increased by 39.38% (p < 0.05), 2.44% (p < 0.05),
35% (p < 0.05), 37.67% (p < 0.05), and 33.37% (p < 0.05) at 8 h, respectively.
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Table 1. PSII potential photochemical activities (Fv/Fo), PSII photochemical efficiency (Fv/Fm),
photochemical quenching (qP), electron transport rate (ETR), and the number of reactive centers
per unit area (RC/CSm) in leaves of mulberry seedlings exposure to 4 μL·L−1 NO2 for 0 h, 4 h (4 h·d−1,
for one day), and 8 h (4 h·d−1, for 2 days). Date represent means of four plants ± standard deviations.
Different lowercase letters for the same parameter indicate significant differences among different
treatments at p < 0.05 levels.

0 h 4 h 8 h

Fv/Fo 3.20 ± 0.50b 4.27 ± 0.12a 4.46 ± 0.32a
Fv/Fm 0.82 ± 0.00c 0.83 ± 0.00b 0.84 ± 0.01a

qP 0.20 ± 0.05b 0.26 ± 0.01a 0.27 ± 0.00a
ETR 43.99± 3.32b 58.79 ± 0.92a 60.56 ± 0.17a

RC/CSm 20501.38 ± 377.35c 26050.96 ± 1194.94b 27341.97 ± 206.688a

3.6. Effects of PSI Activity

The relative drop in 820 nm light signals during far-red light illumination reflects the activity of PSI
ΔI/Io. NO2 fumigation increased the drop in the 820 nm optical signal, and the difference increased
significantly at 8 h, indicating that NO2 fumigation increased the PSI activity of mulberry leaves
(Figure 6a). PSI activity was not significantly raised (p > 0.05) for 4 h fumigation, but when fumigated
for 8 h, the PSI activity was improved by 20.22% (p < 0.05) compared with the control (Figure 6b).

Figure 6. Effects of PSI activity. (a) Changes in light transmission at 820 nm, (b) Relative values of ΔI/Io

in leaves of mulberry seedlings exposure to 4 μL·L−1 NO2 for 0 h, 4 h (4 h·d−1, for one day), and 8 h
(4 h·d−1, for 2 days), where the ΔI/Io values at 8 h were taken as 100%. Date represent means of four
plants ± standard deviations. Different lowercase letters for the same parameter indicate significant
differences among different treatments at p < 0.05 levels.

4. Discussion

The present study revealed that the absorption of NO2 by mulberry leaves is not only involved in
nitrogen metabolism in vivo, but also increases the leaf content of nitrate nitrogen and amino acids,
enhances the activity of nitrate reductase (NR) and nitrite reductase (NiR), and improves the nitrogen
metabolism capacity (Figure 2). Zeevaart et al. [39] fumigated pea seedlings with ammonium nitrogen
as the only nitrogen source condition and found that NO2 induces NR activity, in perhaps the earliest
study on NO2 and nitrogen metabolism. Subsequent studies have since found that atmospheric
NO2 has a significant effect on NR. Lower concentrations of NO2 increase NR activity in barley
(Hordeum vulgre) [40], Scots pine (Pinus sylvestris) [41], and red spruce (Picea rubens) [42]. Similarly,
when Hisamatsu et al. [43] fumigated squash (Cucurbita maxima) seedlings with NO2, NR activity in
cotyledon was significantly reduced. In the present study, NR activity had exhibited a small increase
at 4 h but increased sharply at 8 h. Enhanced NR activity promotes the improvement of nitrogen
metabolism. It not only increases the consumption of excess light energy, but also provides necessary
enzymes for carbon metabolism and accelerates carbon metabolism.

The 4 μL·L−1 NO2 fumigation treatment significantly increased the net photosynthetic rate
of mulberry leaves (Figure 3a), accelerating photosynthetic electron transport and enhancing
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phosphorylation activity in leaves. Additionally, the increase of stomatal conductance promoted
the degree of CO2 acquisition and transportation (Figure 3b), thereby accelerating the production
and accumulation of organic matter in plants [44]. At the same time, the maximum carboxylation
rate, which is an important parameter for characterizing photosynthetic capacity of plants, also
increased (Figure 3b), indicating that NO2 fumigation increased Rubisco activity of mulberry leaves,
thereby enhancing the fixation ability of CO2 [45]. Moreover, the dark respiration rate was significantly
increased (Figure 3d), indicating that its fumigated leaves consumed excess light energy through
respiration to protect the photosynthetic system and increase the photosynthetic rate.

Accordingly, the quantitative study of the final destination of light energy absorbed by plant leaves
is an important part of research on photosynthesis. Earlier studies on light energy are more directly
expressed by actual photochemical efficiency (ΦPSII) and non-photochemical quenching (NPQ) [46,47].
However, in higher plants, NPQ is only determined by the establishment of proton gradients on both
sides of the thylakoid membrane and the xanthophyll cycle [48]. Thus, NPQ does not represent all
non-photochemical quenching processes. In addition, plant leaves absorb light energy via mechanisms
other than photochemical reactions, including physiological processes such as photorespiration,
the water–water cycle, and xanthophyll cycle, which can be areas in which light energy is distributed as
the final destination [49–51]. The theory developed by Hendrickson et al. [50] clarifies these processes.
In this framework, excitation energy can be divided into the light energy absorbed by the PSII
reaction centers and used for the quantum yield of photochemical reaction (ΦPSII), the quantum
production dependent on the trans-thylakoid proton-gradient for xanthophyll cycle quantum yield
(ΦNPQ), fluorescence quantum yield and heat dissipation (Φf,D), and heat dissipation quantum yield
in inactive PSII reaction centers (ΦNF) [51]. In our experiment, mulberry leaves fumigated with NO2

showed proportional increases in ΦPSII and ΦNPQ, indicating that NO2 fumigation promoted the
establishment of light-induced proton absorption in the chloroplast H+ concentration gradients on
both sides of the thylakoid. In other words, the presence of ΔpH on both sides of the thylakoid
membrane increased the power of ATP synthesis in chloroplasts and promoted the photoprotective
mechanism based on the xanthophyll cycle. Additionally, Φf,D and ΦNF proportionally decreased,
indicating that the proportion of heat dissipation and inactivation reaction centers decreased and that
the absorbed light energy was mostly used for photosynthetic carbon assimilation, thereby improving
the photochemical efficiency of the mulberry leaf (Figure 4).

In this experiment, the changes in PSII of mulberry leaves were analyzed using the JIP test.
NO2 changed the structure and function of PSII and the photosynthetic primary reaction process
in mulberry leaves. However, because the OJIP curve is greatly influenced by the environment,
its relative fluorescence intensity is affected by various environmental factors. Therefore, the OJIP
curve was often normalized to the span O-P. The relative variable fluorescence of VJ and VI at
points J (2 ms) and I point (30 ms) for NO2-fumigated leaves was significantly decreased (Figure 5),
indicating that the PSII reaction center receptor-side electronic primary quinone receptors (QA)
to the secondary quinone receptor (QB) transmission capacity and plastoquinone (PQ) accept
electronic ability were enhanced (Figure 7). The potential photochemical activity of PSII (Fv/Fo),
PSII maximum photochemical efficiency (Fv/Fm), photochemical quenching (qP), electron transfer
rate (ETR), and the number of active reaction centers per unit area (RC/CSm) were significantly higher
under fumigation than in the control treatment (Table 1), indicating that NO2 fumigation enhances the
activity of PSII reaction centers and the degree of openness of reaction centers, which promotes
the electron transport of leaves, photosynthetic primary reaction process, and the rate of light
photons received by PSII reaction centers. The proportion of light energy used in photochemical
reactions increased, thus accelerating the synthesis of NADPH and ATP, as well as the conversion
efficiency of light energy and carbon assimilation processes, which increased the photochemical
efficiency. However, Hu et al. [31] quantified the photosynthetic responses of hybrid poplar cuttings
to 4 μL·L−1 NO2. It was found that significant declines in Fv/Fm, indicating inhibition of and even
damage to photosynthetic apparatus. The study of the maximum redox capacity (ΔI/Io) of PSI
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was also increased (Figure 6) as well as the ability to receive electrons; the ability of PSII to supply
electrons in the photosynthetic apparatus was matched by the ability of PSI to receive electrons.
Thus, not only can electron transfer be promoted efficiently, but electrons can also be transferred
to ferredoxin, which distributes electrons to the nitrogen metabolism, photorespiration, and NO2

metabolic pathways (Figure 7).

Figure 7. Photosynthetic electron flow distribution. The electrons produced by water splitting
in photosynthesis pass through photosystem II (PSII), primary quinone receptor (QA), secondary
quinone receptor (QB), plastoquinone (PQ), cytochrome b6f (Cyt b6f ), plastid blue pigment (PC),
and photosystem I (PSI) to ferredoxin (Fd) were assigned to four pathways: CO2 assimilation, nitrogen
metabolism, photorespiration, and NO2 metabolic pathways (new pathway).

5. Conclusions

The metabolism of atmospheric NO2 utilized and consumed light energy and photosynthetic
electrons absorbed by leaves of mulberry fumigated with NO2. However, this part of the photosynthetic
energy consumption did not reduce the photosynthetic capacity of the mulberry leaves, but instead
increased the photosynthetic efficiency of the plant leaves. This is because the mulberry leaves
absorbed NO2 and conducted nitrogen metabolism and respiration, which consumed excess light
energy, and thus protected the photosynthetic apparatus. However, the light energy absorbed by the
PSII reaction center in the form of heat dissipation in mulberry plants fumigated with 4 μL·L−1 NO2

was also reduced, such that the absorbed light energy was more effectively used in photosynthetic
carbon assimilation. Therefore, in the case where the concentration of the atmospheric pollutant NO2

is lower than the concentration that can damage the mulberry, NO2 can be absorbed by the mulberry
to reduce the haze in the air.
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Abstract: Mixed-species forests may deliver more forest functions and services than monocultures,
as being considered more resistant to disturbances than pure stands. However, information on wood
quality in mixed-species vs. corresponding pure forests is poor. In this study, nine plots grouped
into three triplets of pure and mixed-species stands of European beech and Calabrian pine (three
dominated by European beech, three dominated by Calabrian pine, and three mixed-species plots)
were analysed. We evaluated tree growth and wood quality through dendrochronological approaches
and non-destructive technologies (acoustic detection), respectively, hypothesizing that the mixture
might improve the fitness of each species and its wood quality. A linear mixed model was applied to
test the effects of exogenous influences on the basal area index (BAI) and the dynamic modulus of
elasticity (MOEd). The recruitment period (Rp) was studied to verify whether wood quality was
independent from stem radial growth patterns. Results showed that the mixture effect influenced both
wood quality and BAI. In the mixed-species plots, for each species, MOEd values were significantly
higher than in the corresponding pure stands. The mixture effect aligned MOEd values, making
wood quality uniform across the different diameter classes. In the mixed-species plots, a significant
positive relationship between MOEd and Rp, but also significantly higher BAI values than in the pure
plots, were found for European beech, but not for Calabrian pine. The results suggest the promotion
of mixing of European beech and Calabrian pine in this harsh environment to potentially improve
both tree growth and wood quality.

Keywords: TreeSonic; MOEd; forest productivity; dendrochronology; recruitment period;
Aspromonte National Park

1. Introduction

Mixed-species forests may deliver forest functions and services more effectively than
monocultures [1,2], particularly in threatened mountain environments [3] and in man-made
mixed-species forests. Therefore, their spread is an important option to adapt European mountain
forests and forestry to future disturbances and extreme events [4]. Mixed-species forests may show
less temporal variation in growth and more stable productivity in comparison with pure stands, due to
reduced tree species competition for resources [5–13]. Nevertheless, contradictory mixed-species effects
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on tree growth have been found under conditions favouring drought stress or in dry years [14–16].
Gebauer et al. [17] observed that stand-level canopy transpiration was not higher in mixed broad-leaved
forests than in pure European beech stands and that the spatial complementarity in root water uptake
of mixed-species stands could be masked by edaphic conditions preventing the vertical stratification of
species-specific root systems. An increase in the frequency and severity of drought events, as predicted
for the coming decades [18,19], will have dramatic implications for the resilience of Mediterranean
mountain ecosystems, particularly in the case of forest stands with a simplified vertical structure [20].
Indeed, species-specific functional traits and allometric relations can be more important for stand water
use than tree species diversity per se. Therefore, more insight into species mixing, structural diversity
and forest dynamics is essential for modeling risk assessment and forest functions aimed at fostering
alternative silvicultural practices in harsh environments.

Although mixed-species stands can be more productive in comparison with monocultures [21–24]
up to 30% [25], site conditions, stand age, and tree species interactions affect these responses [26,27].
Focusing on the causes of differences in tree growth and stand productivity between mixed-species and
pure forests, most research addressed environmental settings and relationships with climatic conditions,
species composition, mixture type, and stand age [28–36]. Indeed, few studies exist on the quality and
value of wood produced in mixed-species vs. corresponding pure stands [37]. Information on how
wood quality can be affected in relation to tree species composition is essential for decision making in
adaptive forestry, especially where forest planning and thinning activities favour the occurrence of
mixed-species stands [27].

Liu et al. [38] showed that spacing and thinning experiments in pure stands highlighted the strong
effect of the surrounding spatial stand structure on tree growth and morphology and, ultimately, wood
structure and timber quality. Chomel et al. [39] demonstrated that, in mixed-species plantations, mixing
hybrid poplar and white spruce might increase the wood production of poplar in comparison with
monocultures of either poplar or white spruce. Battipaglia et al. [40] showed a considerable increase in
cumulative basal area and in intrinsic water use efficiency in mixed-species stands of pedunculate oak
and Italian alder, largely resulting from an increase in N fixation, which levelled off, when natural
mortality or management practices decreased the competitive ability of Italian alder. In addition to
stand productivity and water use efficiency, species mixtures with structural stratification may also
enhance individual-tree growth rates and stem quality of species in the upper canopies, minimizing
the proportion of taller species that reach the highest production [6,41].

Forest management practices oriented to obtain mixed-species stands potentially determine
variation in the physical and mechanical properties of the harvested wood, both at stand and tree
level [42]. Nevertheless, although mixed-species forestry is gaining popularity in Europe [10,43], a
greater understanding of the differences in wood quality between mixed-species vs. corresponding
pure stands is needed. In the last decades, the evaluation of wood quality has been preferentially based
on non-destructive technologies (NDTs) [44]. More specifically, stress wave-based non-destructive
acoustic techniques resulted in very useful methods for predicting the mechanical properties of woody
materials [45]. Nowadays, acoustic sensing technology allows for the estimation of wood quality and
intrinsic woody properties for standing trees, stems and logs. Among the parameters measurable by
acoustic methods, the most important is the dynamic modulus of elasticity (MOEd), being related to
wood anatomy and tree physiology. This parameter can be used for the evaluation of wood quality,
providing information on the stiffness of material [46,47].

In this study, the wood quality term refers to the use of wood in the field of construction. The wood
properties that determine the structural requirements are defined by indicators, such as strength grades,
that depend on knottiness, stiffness and density of the wood [48]. These parameters are commonly
used worldwide to define strength grades [49]. With reference to stiffness, the dynamic modulus of
elasticity (MOEd) is considered a good predictor, so as to be used as a proxy variable for assessing
the wood quality and, in particular, its stiffness [50]. As a matter of fact, profound implications for
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wood properties and utilization derive from the growth and ecophysiological responses of trees to
environmental conditions.

We focused on two important tree species, European beech (Fagus sylvatica L.) and Calabrian pine
(Pinus nigra Arnold subsp. calabrica), widespread in mountainous forest ecosystems of Southern Italy;
European beech is a late-successional broadleaved tree species, here occurring in its southernmost
ecological limit, whereas Calabrian pine is an early-successional conifer, providing timber of high
quality. In the Calabrian Apennines, these species occur in both pure and corresponding mixed-species
stands, which may help test the effects of mixture on tree growth and wood quality in a drought-prone
environment. Our study comprises nine plots grouped into three triplets of pure and mixed-species
stands of European beech and Calabrian pine (three dominated by European beech, BP, three dominated
by Calabrian pine, PP, and three mixed-species plots, MBP), in the Aspromonte National Park. The three
stands grow in the same environmental conditions and show similar structural traits. We hypothesized
that the mixture effect may improve the physiological fitness of each species and, thus, the wood quality.
The specific objectives of the study were to: (Q1) evaluate the wood quality (MOEd), (Q2) analyse
tree growth patterns through the basal area index (BAI), and (Q3) highlight potential relationships
between wood quality and tree growth, in mixture vs. monocultures. In particular, we tested whether
(i) the mean wood quality in mixed-species and corresponding pure stands are equal, (ii) the mean
BAI in pure and mixed-species stands are equal, and if (iii) the wood quality and tree growth patterns
are independent.

2. Materials and Methods

2.1. Study Area

The study area is located in the Aspromonte National Park, Calabria (Southern Italy), near the
village of Bagaladi (RC). The climate is temperate, with an annual mean temperature of around 8 ◦C
and minimum and maximum monthly means of 0.5 ◦C (coldest month) and 16 ◦C (warmest month),
respectively. Annual precipitation is 1611 mm unevenly distributed over the year (Meteorological
station of Gambarie d’Aspromonte—1187 m above sea level (a.s.l.).

The study is based on nine plots (each with an extension of 5000 m2 and square shape), grouped
into three triplets of pure and mixed-species stands of European beech and Calabrian pine, using a
randomized block design. Plots within each block were randomly assigned to the units. Each triplet,
extended over 1.5 ha, contains two monospecific plots, dominated by European beech (BP) or Calabrian
pine (PP), and one mixed-species European beech—Calabrian pine stand (MBP). The pure stands
were selected if the target species represented ~90% of the stand basal area. The mixed-species stand
was defined as the stand in which the two species together represented at least ~80% of the total
stand basal area and the sum of the basal area of other species was lower than that of each of the two
studied species. In order to quantify the mixing effects, the pure stands were used as reference for the
mixed-species stand.

Plots are located in similar environmental conditions in terms of environmental settings
(topography, slope, substrate) and climatic conditions. Soils developed from igneous and metamorphic
rocks and are classified as Umbrisols, Cambisols and Leptosols [51], with an udic soil regime moisture.
Further details on the main environmental conditions characterizing the study site are reported in
Table 1.

These forest stands are of natural origin, with a dominant age ranging from 70 to 120 years old.
They evolved naturally in the last 70 years. However, these forests (approximately until the Second
World War) were cut following a management approach based on the “selection cutting” criteria, in
which few trees were cut approximately every 20 years in the same forest section [52]. This type of
management has preserved the typical forest landscape by maintaining a continuous forest cover,
determining a stand structure consisting of clusters of trees in different age classes. These clusters are
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the result of the natural regeneration occurring in the gaps opened by the selection cutting previously
applied [52].

Table 1. The main geographical features of the investigated triplets located nearby the village of
Bagaladi, RC (Aspromonte National Park).

Triplet 1 Triplet 2 Triplet 3

Latitude (N) 38◦06′50.53” 38◦05′54.59” 38◦06′15.69”
Longitude (E) 15◦51′53.25” 15◦50′37.72” 15◦51′23.37”
Exposure (◦) 59 59 59

Altitude (m a.s.l.) 1521 1511 1497
Slope (◦) 28 30 34

2.2. Tree Sampling and BAI Analyses

In 2017, in order to derive the dendrometric variables at the stand level, the nine plots were fully
inventoried. The diameters at breast height (DBH) and the total heights (Ht) of all trees were measured.
Tree volume was calculated using the equations derived for the prediction of the aboveground tree
volume [53]. Canopy dominant/co-dominant trees were targeted for sampling (coring and measuring
MOEd) and were selected through a stratified random sampling, in relation to the frequency of the
diameter classes at the plot level. In detail, in each monospecific stand (BP and PP), 30 dominant
trees per species were cored, while 60 dominant trees were cored (30 for European beech and 30 for
Calabrian pine) in MBP. For each selected tree, two increment cores were collected at breast height and
at an angle of 120◦ to each other. Particular care was taken to select trees with canopies well separated
from each other. Moreover, to avoid the effect of wood alteration and exogenous disturbances on tree
ring growth, only trees without abrasion scars or other visible evidence of injury were selected. Cores
were then mounted on channeled wood, seasoned in a fresh-air dry store and sanded a few weeks later.
Ring widths were measured with a resolution of 0.01 mm using the LINTAB measurement equipment
(Frank Rinn, Heidelberg, Germany) fitted with a Leica MS5 stereoscope (Leica Microsystems, Wetzlar,
Germany). Tree ring widths were then statistically cross-dated and verified with the software TSAP
software package (version 4.81c) and COFECHA (version 6.06) [54]. Once all measurement series were
validated, tree-ring chronologies were developed for each species. Subsequently, tree ring widths were
converted into tree basal area increment (BAI), according to the following standard formula:

BAI = π
(
r2

n − r2
(n−1)

)

where r is the radius of the stem at breast height and n is the year of tree-ring formation. In order to
examine the mean growth trend for the sampled trees, BAI for each year was averaged over all the
individuals for removing the variation in radial growth attributable to the increasing tree circumference.

The latest fully built tree ring valid for our analysis was related to 2016. We considered only the
tree-ring chronologies starting from 1900, because few trees had rings formed before the year 1900.

2.3. Wood Quality

In order to evaluate the wood quality, acoustic wave tests were conducted at breast height on
the same 120 trees from which the woody cores were collected. In order to reduce the effect of air
humidity [55], the tests were carried out in the summer of 2017, from June to July.

TreeSonic (FAKOPP TreeSonic™ Fakopp Enterprise, Agfalva, Hungary) [44,56] was used for
measuring the acoustic velocity. It is characterized by a hand-held hammer and two probes, a
transmitting accelerometer and a receiving accelerometer. The system consists in the insertion of two
sensor probes (a transmitting probe and a receiving one) into the sapwood, applying acoustic energy
into the tree stem through hammer impact. The probes were aligned within a vertical plane on the
same face. In our study, a 1.00-m testing span was roughly centered at breast height. The lowest probe
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was placed about 60–70 cm above the forest floor. Three measurements were realized for each selected
tree and the average of the three recordings was used as final transit time. In order to measure the
acoustic velocity wave, the start and stop sensors were driven at a 45◦ angle through the bark into
the wood of the standing tree [57]. Acoustic velocity was determined on the upstream side of the tree
(according to standard procedure), the same side where the stem diameter was measured. The acoustic
velocity (CT) was then calculated from the span between the two sensor probes and the time-of-flight
(TOF) data, using the following formula:

CT = S/TOF (1)

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m),
TOF = time-of-flight (s).

The wood density of each measured tree was also determined on the woody cores. The fresh
weight and volume of the tree cores were measured in the laboratory. Woody samples were weighed to
the nearest 0.01 g with an electronic scale. After ring width measurements, the woody cores were dried
in oven at 105 ◦C, to constant weight. Density (kg m−3) was calculated by dividing the dry weight by
the fresh volume.

Afterwards, it was possible to calculate the modulus of elasticity (MOE), according to the following
equation:

MOEd =WDi × CT2; (2)

where WDi = tree wood density i (kg m−3) and CT =velocity (km s−1).
When MOE is estimated using the above formula, it is termed dynamic modulus of elasticity

(MOEd) [58], as the stress wave propagation in wood is a dynamic process, internally related to the
physical and mechanical properties of wood [59].

2.4. Relationship between Wood Quality and Tree Growth

In standing trees, the stress wave propagation is affected by tree stem diameter, wood travel distance
and internal wood conditions [60]. Furthermore, the mean tree values of timber grade-determining
properties (elastic modulus, bending strength, and wood density) are related to the acoustic velocity
and tree slenderness. Signals are transferred through the whole stem, depending on stem diameter:
when smaller is the diameter, then the signal is more transferred inside the stem [61]. In this study, we
used the tree final growth time to evaluate the relationship between wood quality and tree growth,
in order to verify if the wood quality was independent from tree growth. In detail, the final growth
time is given by the number of radial rings included in the outermost 2.5 cm of the sampled trees.
This parameter is called “recruitment period” (RP), which indicates the number of years needed to
pass from a diameter class xi to the largest class xi + 5, assuming classes of 5 cm [62]. Therefore, for
each sampled tree, we counted the number of rings contained in the last 2.5 cm.

2.5. Statistical Analysis

The data collected were characterized by a nested structure and they were not independent from
each other: in detail, an inter-correlation among samples occurred, since they were referred to the same
triplets, and the single tree ring chronologies belonged to one single tree. Therefore, an analysis based
on a linear mixed model was used, including both fixed and random effects. We then set up the model
functions to test the effect of mixing on tree ring width (expressed as BAI) and on the MOEd. The linear
mixed models incorporated the triplet identifier as a random effect, thus considering both the mixing
effect (expressed as percentage of basal area of the examined species of beech or pine, compared to the
total area) and the nested structure of the data. The initial model included the following independent
variables: basal area, stem DBH, tree height, tree age. A stepwise procedure (in each step, a variable
was considered for addition to or subtraction from the set of explanatory variables based on F-tests)
eliminated all variables, except for the basal area, the only variable that had a significant effect on
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the dependent variable. Therefore, the below model, based only on mixing effect and the nested
design of data, was applied to evaluate if significant differences on BAI between mixed-species and
corresponding pure stands occurred:

BAIij = β0 + β1 ×Mixij + uj + εi j

where BAIij is the mean of the basal area increment per tree i on triplet j, β0 is the intercept, Mixij is the
fixed effect describing the quantification of the mixing effect (expressed as % basal area) on tree BAI for
tree i on triplet j, uj is the random effect for triplet j and εij is the error term. Moreover, the following
model was used to analyse the effect of both mixture and tree ring width (expressed as recruitment
period) on wood quality (MOEd values), incorporating the triplet identifier as a random effect:

MOEdij = β2 + β3 ×Mixij + β4 ×RPij + uj + εi j

where MOEdij is the wood quality of tree i on triplet j, RPij is the recruitment period of tree i on
triplet j, examined as the main effect. For the linear mixed-effect model analysis, the nlme package
for the R programming language [63] was used. In addition to the linear mixed-effect models, the
Mann-Whitney Test for independent-sample (U-Test) was also used to compare the average MOEd
values and the average BAI values between mixed-species and pure stands. More specifically, the
U-test is a non-parametric test and requires no assumptions.

3. Results

Table 2 shows the main structural and dendrometric characteristics of the studied stands, while
in Table 3, the age, the wood density, the acoustic velocity and the MOEd for the sampled trees are
reported. Forest structure did not differ markedly among the studied stands. Analysis of variance
(ANOVA) showed no significant differences among plots in stand density (F3/6 = 1.020; p = 0.447),
tree DBH (F3/6 = 0.329; p = 0.805), basal area (F3/6 = 2.104; p = 0.201) and stand volume (F3/6 = 2.208;
p = 0.188). The number of trees per hectare varied from 743 in the pure European beech plots to 873 in
the mixed-species plots. The tree volume ranged between 773 m3 ha−1 in the pure European beech
plots and 876 m3 ha−1 in the mixed-species plots.

Table 2. Structural traits obtained for the investigated triplets. Mean values and the related standard
deviation (in bracket) are reported.

Stand Density
(N. Trees ha−1)

Tree DBH
(cm)

Tree Height
(m)

Basal Area
(m2 h−1)

Stand Volume
(m3 ha−1)

Beech pure 743 (155.7) 33.2 (2.8) 24.2 (2.2) 64.3 (4.6) 772.7 (41.5)
Pine pure 754 (96.3) 35.6 (4.4) 23.1 (0.8) 75.1 (10.4) 857.6 (160.9)

MBP-B 470 (75.9) 28.3 (2.3) 18.8 (1.3) 29.6 (6.3) 277.0 (31.1)
MBP-P 403 (74.1) 40.3 (9.6) 23.6 (5.1) 51.4 (14.1) 599.1 (90.7)

Table 3. Tree age, wood density, acoustic velocity, and MOEd values obtained for the two studied
species in the pure and mixed-species stands (SD: standard deviation; MOEd: dynamic modulus of
elasticity).

Stands

Tree Age
(Years)

Wood Density
(kg m−3)

Wave Velocity
(m s−1)

MOEd
(MPa)

Mean SD Mean SD Mean SD Mean SD

Beech pure 69 41 658 28.4 3841.7 382.4 9523.2 1738.1
Pine pure 97 38 562 27.6 3823.4 427.5 8056.6 1358.2

MBP-B 127 33 653 30.1 4253.0 349.3 11583.0 2212.6
MBP-P 103 21 555 25.2 4066.4 370.6 8999.8 2132.6
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Tree age differed between the pure European beech plots (on average 69 years) and the European
beech trees sampled in the mixed-species plots (on average 127 years) (Table 3). By contrast, Calabrian
pines occurring in the pure and mixed-species plots revealed no significant differences in tree age (on
average 100 years).

For both tree species, MOEd values were significantly higher in MBP than in BP and PP, as
confirmed by the Mann-Whitney test applied for independent-samples (Figure 1). MOEd was 21.6%
and 10.7% higher in MBP than in BP and PP, respectively. Further, considering the different diameter
classes investigated, MOEd values were always higher in MBP than in BP and PP.

 

Figure 1. MOEd values in the pure and mixed-species stands for European beech (Mann-Whitney Test,
Z = −6.491, p < 0.001) and Calabrian Pine (Mann-Whitney Test, Z = −3.134, p < 0.010).

Analysis of variance (ANOVA) showed a significant effect of the diameter classes on MOEd for
BP and PP. As the diameter classes are not independent, the Kruskal–Wallis test was also used [64],
which confirmed the significant effect of the diameter classes on MOEd. MOEd decreased as tree DBH
increased, with significant differences observed between the smallest and the largest diameter classes.
On the contrary, no significant differences were observed in MBP (Figure 2). The mixture of species had
the effect of aligning MOEd values, both for European beech and Calabrian pine, making wood quality
more uniform for each diameter class. In contrast, in the pure stands, MOEd values were significantly
lower than in MBP, also varying significantly as tree DBH increased.
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Figure 2. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for European beech
and Calabrian pine growing in the pure and mixed-species stands. European beech in the mixed-species
stand: F12;18 = 1.255, p < 0.322; for European beech in the pure stand: F12;18 = 2.461, p < 0.050; Calabrian
pine in the mixed-species stand: F12;18 = 0.774, p < 0.669; Calabrian pine in the pure stand: F11;19= 2.621,
p < 0.050.

Figure 3 shows the BAI values obtained for European beech and Calabrian pine. In general, BAI
increased over time (at least up to a determined year) in both species. Overall, trees revealed higher
BAI in MBP than in BP and PP. However, until 1980, BAI values of European beech growing in mixture
were always higher than in BP. Later, a similar trend was observed, until 1990. In the last period
(1990–2016), BAI values were again higher in MBP. In the period 1900–2016, BAI always increased in
MBP, while it gradually decreased in BP, from 1990. For Calabrian pine, BAI values were higher in
MBP than in PP, considering the period 1900–1960. Later, for about 20 years (1960–1980), an opposite
trend was observed, with a higher BAI in PP. Furthermore, for 1980–2016, a consistent decrease of BAI
values was observed for Calabrian pine, both in MBP and PP.
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Figure 3. BAI values for European beech and Calabria pine growing in the pure and mixed-species
stands. Values were considered starting from 1900.

Figure 4 reports both the variability and the average of BAI values for European beech and
Calabrian pine growing in the pure and mixed-species stands. For European beech, the BAI variability
was higher in MBP, while for Calabrian pine in PP. European beech growing in mixture had a
significantly higher BAI values than in BP (+65%, 30.6 vs. 18.5 cm2, on average, p-value < 0.001). Yet,
Calabrian pine growing in mixture revealed higher BAI values than in PP, although not significantly
(+11%, 21.1 vs. 19.1 cm2, on average, p-value = 0.0563).

 

Figure 4. BAI values (mean values) in the pure and mixed-species stands for European beech (linear
mixed-effect, p < 0.05, R2 = 0.437; Mann-Whitney Test, Z = −4.345, p < 0.0001) and Calabrian pine
(linear mixed-effect, p = 0.271, R2 = 0.078; Mann-Whitney Test, Z = −1.928, p = 0.0563).

In Table 4, results obtained through the application of the linear mixed model are shown. The site
identifier was considered as a random effect. The mixture significantly influenced European beech
(p = 0.015), but not Calabrian pine (p = 0.601).
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Table 4. Values achieved with the application of the linear mixed-effect model, considering the “triplet”
as random effect. The influences of the fixed effects (BA%, RP) on the response variables “basal area
increment” (BAI) and “dynamic modulus of elasticity” (MOEd) were examined. Significant variables
are reported in bold.

Model Value t-Value p-Value R2

European beech (BAI) 0.502
Intercept 17.623 7.720 <0.0001
Mix (BA) 0.358 4.047 0.0155

Calabrian pine (BAI) 0.015
Intercept 19.299 8.126 <0.0001
Mix (BA) 0.028 0.567 0.6009

European beech (MOEd) 0.278
Intercept 5114.401 4.191 0.0000

RP 210.252 4.119 0.0001
Mix (BA) 76.434 3.353 0.0285

Calabrian pine (MOEd) 0.045
Intercept 6487.034 6.291 <0.0001

RP 83.52 1.833 0.0684
Mix (BA) 23.23 2.079 0.1061

Figure 5 shows the values of the recruitment period (RP) for European beech and Calabrian pine,
which invariably decreased as DBH increased. For European beech, RP was lower in MBP than in BP,
though with lessening differences as DBH increased. Calabrian pine growing in PP had, for the first
diameter classes, a slightly lower RP than in MBP, at least for the first diameter classes. Then, the trend
was the opposite and the differences tended to increase, though not for the DBH of about 90 cm.

 

Figure 5. Recruitment period obtained for European beech and Calabrian pine growing in the pure
and mixed-species stands. It indicates the number of years needed to pass from a diameter class xi to
the largest class xi + 5 cm.

Finally, in Figure 6, variations of MOEd as RP changes are shown. In each stand, MOEd tended
to rise as RP increased, even if it revealed higher values in MBP than in BP and PP. In addition, the
relationship between MOEd and RP was stronger in MBP, for both species. However, the analyses
of the linear mixed-effects model underlined that only for European beech, RP (p < 0.0001) and the
mixing effect (p = 0.0285) had a significant role, explaining the largest proportion of MOEd variation
(Table 3). On the contrary, for Calabrian pine, RP (p = 0.0684) and the mixing effect (p = 0.1061) had
marginal effects on MOEd.
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Figure 6. Dynamic modulus of elasticity (MOEd) in relation to the recruitment period for European
beech and Calabrian pine growing in the pure and mixed-species stands.

4. Discussion

Results demonstrated how the mixture effect influenced both wood quality and tree ring widths.
In both the pure and mixed-species stands, MOEd values were above the minimum quality threshold
(MOEd > 9000 MPa) [65]. However, in the mixed-species plots, MOEd values were always higher than
in the corresponding pure plots. This difference was more evident for European beech (11583 vs. 9523)
than for Calabrian pine (8999 vs. 8056). Tree age differed between European beech trees sampled in the
pure and mixed species plots, which might have played a role in determining differences in MOEd
values. In the case of Calabrian pine, the differences in MOEd values are less evident, though significant.
As a matter of fact, tree age did not differ between trees sampled in the pure and mixed-species plots.

Eventually, effects on MOEd exerted by the other parameters related to the stand structure (stand
density, basal area, stand volume) could be excluded, since the parameters did not differ significantly
between the pure and mixed-species stands. Several studies showed that, considering other variables
being equal (stand density, stand volume, etc.), the mixture effect could have a role in improving the
resistance and resilience of trees in comparison with the corresponding monocultures [21–24]. Yet, the
mixed-species stands could also be more productive than the corresponding monocultures [26].

Therefore, even with some limitations, a mixture of European beech and Calabrian pine might
have a positive effect on MOEd, not only at the stand level, but also considering the different diameter
classes. In fact, in the mixed stands, the MOEd values were similar for all the diameter classes, in both
species. On the contrary, in the pure stands, we observed a decrease in wood quality as the tree DBH
increased. A combination of a light demanding tree species with one more shade tolerant was probably
the foundation of these results. In other studies, mixed-species stands were found to show higher
light interception and light-use efficiency in comparison with monocultures [10,66–68]. Promoting the
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coexistence of these two species in the present environmental conditions might improve the quality of
wood materials, regardless of the size of trees from which the assortments are obtained.

The MOEd values, strongly related to wood density and acoustic velocity, indicated an overall
higher mechanical stability attained in the mixed-species stands. In fact, wood density is correlated
with timber strength [69], hardness and abrasiveness [48]. Therefore, mixing these species might
provide higher mechanical resistance to natural disturbances, such as windstorms, and higher carbon
sequestration potential in these Mediterranean mountain forest ecosystems. It must be pointed out
that Pretzsch and Rais [49] observed that the wood strength and stiffness could be lower in complex
forests than in homogeneous monocultures, where tree size and shape development progress more
continuously. Yet, Torquato et al. [70], in black spruce forests in Canada, detected lower strength and
stiffness properties in complex stands.

Growing in mixtures induced an increase in tree biomass production, particularly for European
beech, while differences between the pure and mixed-species stands were not significant for Calabrian
pine. In European beech, although environmental conditions did not differ between stands, BAI was
significantly higher in mixture than in monoculture. However, differences between the pure and
mixed-species stands in tree age might also have affected BAI trends. The identification of growth trends
and attribution of their drivers are not easy tasks, and require long-term and spatially-representative
experiments to control the effect of tree size and age, avoiding sampling biases at the various scales.
Indeed, heterogeneous crown structures and the tree size of mixed-species stands might facilitate the
penetration of light into the lower canopy layers [10]. In the studied stands, European beech could take
advantage of growing underneath the relatively transparent canopy of Calabrian pine. On the other
hand, European beech in pure and dense stands develops homogeneous canopy cover, having high
shade tolerance and large canopy expansion. Indeed, European beech growing in monocultures showed
low self-tolerance [71,72], resulting in severe intraspecific competition due to high lateral canopy
expansion [73]. Moreover, other studies reported beneficial effects on European beech productivity
from growing in mixture [74,75]. Condes et al. [76] reported that the productivity of pine-beech
admixtures was generally greater than in the corresponding pure stands. In light of this, admixture of
European beech with Calabrian pine might, therefore, reduce competition or even increase facilitation
processes in this Mediterranean mountain environment. Nevertheless, Conte et al. [16] observed
higher productivity in the pure than mixed-species stands of European beech and Scots pine, in Alpine
environmental conditions. These discrepancies suggest caution in generalizing the positive effects on
European beech productivity from growing admixed with pine species.

However, the complexity of the species interactions, which depends on stand development stage,
stand density and site conditions [26], suggests caution in generalizing these results, since other studies
reported opposite patterns [77]. Equal productivity at the stand level might not necessarily indicate a
neutral behaviour of the two species co-occurring in the mixed-species stands. In fact, species-specific
reactions, at individual or stand level, might counteract and cancel each other with respect to the
stand level productivity [74]. Behind overyielding or underyielding of mixed-species in comparison
with nearby pure stands, as revealed in this study for Calabrian pine and European beech, there is
always a modified supply and uptake, or different use-efficiency, of available resources [24,26,78].
Zhang et al. [21] reported that beneficial effects of admixing provided an overall 25% increase in
productivity across forest types and a 12% increase at European scale in Scots pine—European beech
mixtures [10]. Nevertheless, the mechanisms that might promote complementarity effects, leading to
increased productivity in pine-beech mixtures, are poorly understood, despite the frequent occurrence
and economic importance of these forest types [10].

Values of BAI in Calabrian pine and European beech mixtures, of both species, were generally
greater than in the corresponding pure stands, although significant only in the case of European
beech. European beech, especially in the mixed-species stands, had a constantly increasing BAI in the
investigated time-span, although alternating years of little stem radial growth and years of great stem
radial growth. On the contrary, Calabrian pine revealed a decrease in BAI values in the last 30–40 years.
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Several studies reported that the inter-annual tree growth variability and its dependence on climatic
conditions might be modulated by species composition [4,79–81]. A positive effect of species diversity
on stand productivity, due to complementarity effects, might result in a greater size heterogeneity, with
unknown consequences on the provision of goods and services in pure vs. mixed-species forests. A
reduction in size asymmetry and growth inequality for European beech in mixture with Scots pine was
related to the complementary light ecology of the associated species [10].

At the stand level, light absorption of admixed light demanding and shade tolerant species
might benefit from light-related interactions, including canopy structure, stand density, tree size,
crown architecture, and allometric relationships [82,83]. Nevertheless, in the present Mediterranean
environment, although light-related interactions might contribute to the mixing effect on tree growth
for Calabrian pine, water- and/or nutrient-related interactions might dominate in the mixing effect on
tree growth for European beech [84]. Especially for European beech, we showed that the variability
of BAI was higher in the mixed-species vs. the pure stands. Although this variability might have a
minor role in determining the strength and stiffness of structural timber [49], it might still affect wood
properties, such as the dimensional stability. Nevertheless, we may confirm that (i) wood quality was
higher in the mixed-species than pure stands, (ii) wood quality was dependent on tree growth patterns
and that (iii) the longer a tree took to pass from one diameter class to the next, the better was the wood
quality. However, Genet et al. [85] stated that the way in which tree ring widths and ring wood density
are related to each other would depend on whether the tree is a conifer, ring-porous hardwood, or
diffuse-porous hardwood species.

We found a positive relationship between final growth time and MOEd, in both species. However,
while for European beech MOEd was significantly dependent on tree growth (expressed as recruitment
period), this relationship was not significant for Calabrian pine. In these relationships, MOEd was higher
in the mixed-species than pure stands, for both species. Again, this might depend on species-specific
growth patterns, as well as on technological wood features. However, it must be pointed out that wood
quality of coniferous trees, in comparison with broadleaved species, might be strongly influenced
by forest management practices. In fact, several studies on conifers [59,86–90], including Calabrian
pine [44], showed a reduction in wood quality with increasing spacing and thinning.

Admixture of Calabrian pine and European beech might improve adaptation to rainy winters and
dry summers of the Mediterranean climate, increasing both tree growth and wood quality, especially
for European beech. Several studies showed that mixed-species forests might be more productive
and resistant to disturbances, including drought, than corresponding pure stands [4,79], though
contrasting evidence was also reported [14,16]. In particular, European beech populations from
marginal ecological conditions were found more resistant to drought than those from the core of the
distribution range [91–93], and their admixture with co-occurring drought-tolerant conifers might
serve as benchmark for selecting resilient tree species combinations. Additional insight into the effect
of tree species mixture on wood quality is required to support the entire wood supply chain, from
the integration of wood quality in forest inventories to silvicultural guidelines for decision support
tools. In fact, although structure and function of mixed-species stands are relevant for their role as
supporting services in Mediterranean mountain forests, such as biodiversity conservation and soil
protection, the consequence of structural heterogeneity in admixture on wood quality requires greater
consideration in the future.

5. Conclusions

In the present study, the admixture of Calabrian pine and European beech increased stand
productivity, particularly for European beech, and improved wood quality. Nevertheless, caution
is still needed in drawing general conclusions on the mixture effect on wood quality and stand
productivity, in marginal environmental conditions. Nevertheless, European beech and Calabrian pine
co-occurring in forest stands of Southern Italy should be managed with the aim of improving the overall
quality of wood, which could be promoted by mixing these species. Although any generalization could
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be misleading, the admixture of tree species in these harsh environments might better maintain forest
stability, ensuring also woody products of better quality. These results, though related to marginal
environmental conditions, could be significant to implement and support climate-smart measures for
managing Mediterranean mountain forests.
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Abstract: Autotoxicity is a widespread phenomenon in nature and is considered to be the main factor
affecting new natural recruitment of plant populations, which was proven in many natural populations.
Cinnamomum migao H. W. Li is an endemic medicinal woody plant species mainly distributed in
Southwestern China and is defined as an endangered species by the Red Paper of Endangered
Plants in China. The lack of seedlings is considered a key reason for population degeneration;
however, no studies were conducted to explain its causes. C. migao contains substances with high
allelopathic potential, such as terpenoids, phenolics, and flavonoids, and has strong allelopathic
effects on other species. Therefore, we speculate that one of the reasons for C. migao seedling scarcity
in the wild is that it exhibits autotoxic allelopathy. In this study, which was performed from the
perspective of autotoxicity, we collected leaves, pericarp, seeds, and branches of the same population;
we simulated the effects of decomposition and release of litter from these different anatomical parts of
C. migao in the field; and we conducted 210-day control experiments on seedling growth, with different
concentration gradients, using associated aqueous extracts. The results showed that the leaf aqueous
extract (leafAE) significantly inhibited growth indicators and increased damage of the lipid structure
of the cell membrane of seedlings, suggesting that autotoxicity from C. migao is a factor restraining
seedling growth. The results of the analyses of soil properties showed that, compared with the other
treatments, leafAE treatment inhibited soil enzyme activity and also had an impact on soil fungi.
Although leafAE could promote soil fertility to some extent, it did not change the effect of autotoxic
substances on seedling growth. We conclude that autotoxicity is the main obstacle inhibiting seedling
growth and the factor restraining the natural regeneration of C. migao.

Keywords: Cinnamomum migao; autotoxicity; seedling growth; soil substrate; soil enzyme; soil fungi

1. Introduction

Autotoxicity is a special type of intraspecific allelopathy of plants [1]. It is known to be widespread
in nature, particularly in artificial agroforestry systems [2], leading to population deterioration and
regeneration failure [3]. Autotoxicity refers to the phenomenon in which plants release their metabolites
into the surrounding environment by volatilization, rainwater leaching, decomposition, and root
excretion [4]; these metabolites then inhibit seed germination or other individuals’ or their own
seedlings’ growth directly or indirectly. Canopy trees’ autotoxicity to their seedlings may play
an important role in forest species replacement [5], and the existence of autotoxicity was proved in
many natural populations [4,6]. Current studies on plant autotoxicity have shown that allelochemicals
mainly inhibit plant growth in the following ways: (1) Plant growth is directly inhibited by affecting
photosynthesis and altering plant cell membrane structures and plant defense systems [7,8]. (2) Plant
growth is indirectly affected by inhibiting nutrient absorption or changing soil enzyme activity [9,10].

Forests 2019, 10, 919; doi:10.3390/f10100919 www.mdpi.com/journal/forests175
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(3) The rhizosphere microecosystems are changed through the interaction between plant metabolites
and fungi to ultimately affect seedling growth [11] (Figure 1a).

Figure 1. Process of plant autotoxicity (a) and our experimental design (b).

Autotoxicity is regarded as a negative effect on plant growth, and secondary metabolites produced
by maternal plants could hinder the growth of their seedlings [12]. Phenolics and terpenoids released by
woody plants play a key role in these interactions by influencing the structure and diversity of plant and
soil communities [13–15]. Soil microorganisms can be directly affected by plant phenolics [16], but they
can also use these phytochemicals as carbon sources, thereby modifying the chemical plant–plant
interactions [17]. Phenolics from litter can inhibit the symbiosis between trees and fungi [18], which may
have important consequences on the seedling development of trees. Similarly, phenolics released by
plants may also play a key role in influencing the soil microbial community structure [19] and litter
decomposition process [20]. For instance, autotoxicity of canopy trees on their own seedlings probably
plays a role in forest species turnover along succession in Mediterranean forests [5]. Some autotoxic
compounds released by asparagus (Asparagus officinalis) probably inhibit its own growth and can
also be a reason for “asparagus decline” [21]. Phenolics released by the understory dwarf shrub
Empetrum hermaphroditum impair the regeneration of the dominant tree Pinus sylvestris in boreal
forests [22]. In addition, studies by Alías et al. [23] on the soil properties of the invasive rock-rose
(Cistus ladanifer) population also showed that the compounds released by the plant itself were involved
in autotoxicity and regeneration of the rock-rose population. Cinnamomum migao contains substances
with high allelopathic potential, such as terpenoids, phenolics, and flavonoids [24]; generally, species
with high allelopathic potential tend to have strong autotoxicity [25], and medicinal plants are more
likely to have autotoxicity than other plants [14]. Therefore, we speculate that one of the reasons
for seedling scarcity in the wild population of the species C. migao is that this species has autotoxic
allelopathy [14].

C. migao H.W. Li is a species of Lauraceae evergreen medicinal woody plant, which is defined
as an endangered species by the Red Paper of Endangered Plants in China. It is endemic to China
and mainly distributed in Southwestern China. The fruits of C. migao, which are effective in treating
gastrointestinal and cerebrovascular diseases, are used as traditional medicine in Miao in China [24].
In the last 30 years, researchers have found that the natural population size of C. migao is very small, as
the majority of populations contain only two or three individuals, and the tree age is relatively high;
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the natural regeneration has some obstacles [26]. Moreover, recent investigations of this resource have
found that many natural populations have disappeared, and the survival and reproduction of this
species are greatly threatened [27]. However, to the best of our knowledge, no research was performed
to explain the underlying cause of this phenomenon. Recent studies on the autotoxicity of medicinal
plants mainly focused on medicinal herbs, such as Codonopsis pilosula, etc. [28]. Few studies have been
performed on medicinal woody plants, and the mechanism underlying this autotoxicity has remained
unclear [12].

Our previous studies confirmed that C. migao has a strong allelopathic effect [29]. To explain
the difficulties associated with new recruitment of C. migao, the aim of this study was to understand
the responses of the plants to autotoxicity and the possible mechanism of autotoxicity that inhibits
plant growth. Accordingly, we proposed the following hypotheses: (1) autotoxicity is the main factor
affecting seedling growth in C. migao, and (2) the main mechanism of autotoxicity is that decomposition
and release of autotoxic substances from the litter of C. migao can be achieved by altering the soil
environment (chemical property, soil enzyme activity, and fungi) to inhibit seedling growth and
survival. To test these hypotheses, we adopted a method of irrigating the aqueous extract and
simulated the effects of litter decomposition and release from different anatomical parts of C. migao on
seedling growth under field conditions from the new perspective of plant autotoxicity [30]. The changes
in morphology, physiological metabolism, soil substrate, and fungi, which are the four key factors
affecting plant growth, were determined during seedling growth.

2. Material and Methods

2.1. Experimental Site

Experiments were conducted at the College of Forestry, Guizhou University, Huaxi District,
Guiyang (106◦42′E, 26◦34′N, 1020 m a.s.l.). The climate in this region is subtropical monsoon,
with a mean annual temperature of 15.3 ◦C and mean annual precipitation of 1129 mm.

2.2. Plant Materials

Fresh mature fruits of C. migao were collected from Luodian County, Guizhou Province
(25◦26′N, 106◦31′E) from October to November 2017. They were then transported to the laboratory
to remove their flesh immediately, followed by rinsing with water. Before germination, we cleaned
the seeds, sterilized them by immersion in 0.5% KMnO4 for 2 h, and then rinsed them in sterile
water five times. Seed germination was performed in an artificial climate chamber (RXZ-1500,
Ningbo Jiangnan Instrument Factory, Ningbo, China) with a germination box. After germination of the
seeds, we transferred them to nutrient soil for planting in January 2018, and seedlings with identical
growth were transplanted into nutrient bags for slow seedling treatment in mid-March. The pot-culture
experiment began in April after the seedlings (16.25 ± 1.41 cmin height; number of leaves 5 ± 0.58) had
been transplanted into plastic plots. The soil in our experiments was selected from the section loess
of nongrowing plants and uniformly mixed with humus and perlite (loess: humus: perlite = 7:2:1);
each pot contained approximately 2.5 kg of soil. All tested soils were sterilized under high pressure
at 121◦C twice, with each cycle lasting for 1 h. The litter of C. migao used in this experiment was
directly collected from the forest floor. In addition, surface soil (0–5 cm) from under the canopy of
nine natural populations of C. migao in Guizhou, Yunnan, and Guangxi provinces was sampled for
sequence analysis to determine fungal diversity (Figure 2).
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Figure 2. Experimental sites and soil sample collection sites for C. migao in Southwest China.

2.3. Experimental Design

Initially, we investigated and statistically analyzed the litter under the canopy of C. migao and
found that the main components of the litter were leaves, fruits, and branches. Therefore, the materials
were divided into four parts: leaf, pericarp, seed, and branch. To simulate natural conditions as
much as possible, the litter was collected from under a canopy from November to December 2017 in
Luodian County and classified. To prepare aqueous extracts, we cleaned all of the test materials and
cut them into pieces (1 cm2); gathered them into weights of 0, 1, 2, 3, and 4 g; and immersed them
in 100 ml of deionized water. Solutions with concentrations of 0.00, 0.01, 0.02, 0.03, and 0.04 g·mL−1

were prepared in the dark. In accordance with the above method of aqueous extraction, five types of
aqueous extract treatments were set up, namely, the control and treatment with the leaf aqueous extract
(leafAE), pericarp aqueous extract (pericarpAE), seed aqueous extract (seedAE), and branch aqueous
extract (branchAE). Each treatment had nine replicates, giving a total of 4 × 5 × 9 = 180 pots in this
experiment. During the experiment, the aqueous extract was co-irrigated with litter (leaf, pericarp, seed,
and branch) every 10 days, to better simulate the decomposition and release the effects of litter, and the
positions of the pots were randomly moved. To maintain soil moisture content, quantitative deionized
water was added to each pot at different times to supplement water. Through field monitoring,
we found that seedlings usually withered or died within 8 months. Therefore, the experiment was
designed to determine the growth indices after 210 days of treatment (Figure 1b).

2.4. Chemical Analyses

2.4.1. Analysis of Seedling Growth and Physiology

At the end of the experiment, we determined seedling growth and physiology; the determination
methods were as follows. (1) Seedling height: The seedling height for each treatment was measured
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using Vernier calipers and a tape measure. (2) Leaf area: Three pots of seedlings were selected for each
treatment, and the leaf area of the third mature leaf below the apex of the seedlings was measured
using a portable leaf-area meter (LI-3000C; LI-COR, Lincoln, NE, USA). (3) Biomass: At least three
seedlings from pots undergoing different treatments were carefully removed from the soil to maintain
their integrity, after which residual soil and impurities were removed by flushing with running water.
After cleaning, the seedlings were oven-dried twice at 65 ◦C to a constant weight and then weighed.

Fresh plant materials (0.2 g) were collected from each treatment and homogenized with 5 mL
of buffer (with 1% PVP), by grinding on ice, and then centrifuged at 4 ◦C. After centrifugation,
the supernatants were used for measuring the levels of malondialdehyde (MDA), soluble protein,
peroxidase (POD), and superoxide dismutase (SOD). In brief, the MDA content was estimated using
the thiobarbituric acid method reported by Hodges et al. [31], with minor modifications. The soluble
protein content was measured using the Folin’s phenol reagent method [32]. POD activity was
measured following the guaiacol method, with minor modifications [33]. SOD activity was analyzed
using the nitroblue tetrazolium chloride method by Lacan and Baccou [34], with minor modifications.

2.4.2. Analysis of Soil Physicochemical Properties and Soil Enzyme Activity

At the end of the experiment, soil samples were collected from each pot immediately after the
different treatments and divided into two parts: One was used for soil nutrient analysis, and the other
was stored at 4◦C for soil enzyme and soil fungal analyses.

Soil samples from the different aqueous extract treatments were naturally air-dried; the samples
were sieved using a 2 mm diameter mesh to determine their chemical properties. In brief, the soil
total nitrogen (TN) content was analyzed using the Kjeldahl method with a Foss–Kjeltec analyzer [35].
The soil total phosphorus (TP) content was determined by the Mo–Sb colorimetric method after soil was
digested with a mixed acid solution of H2SO4 and HCLO4 [36]. The soil total potassium (TK) content
was measured using an alkali melting-flame photometer. Soil available N (AN) content was determined
by the method used by Dorich and Nelson [37]. Soil available P (AP) content was obtained by NaHCO3

extraction and analyzed by the sodium bicarbonate–molybdenum resistance colorimetric method [38].
The soil available K (AK) content was measured by the method of ammonium acetate leaching–flame
photometry [38]. Soil enzyme activity, including catalase, urease, phosphatase, and invertase activity,
was estimated using a soil enzyme activity kit (Beijing Solebo Biotechnology Co., Ltd.), in accordance
with the manufacturer’s instructions. The initial soil chemical composition and enzyme activity are
detailed in Table 1.

Table 1. Initial chemical composition and soil enzyme activity of the tested soil samples.

Soil
Properties

pH
Total N
(g·kg−1)

Total P
(g·kg−1)

Total K
(g·kg−1)

Available
N

(g·kg−1)

Available
P

(mg·kg−1)

Available
K

(mg·kg−1)

Catalase
mL·g−1·20

min

Urease
mgNH3

−N/g
Phopatase

umol·g−1·d−1
Invertase

mg·g−1·d−1

6.06 1.2 0.2 0.29 52.5 3.5 13.03 1.43 0.015 23.53 1.5

2.4.3. Analysis of Soil Fungi

Surface soils (0.04 g·mL−1) from the four aqueous extract treatments and the control from our
experiment and surface soils of 0–5 cmfrom nine areas in which C. migao is distributed were used to
analyze the diversity of soil fungi composition. Each treatment and field sample had three biological
replicates. Soil genomic DNA was extracted using an extraction kit (FastDNA®tSPINKit for Soil,
MP Biomedicals Co., Ltd., Shanghai, China). PCR amplification was performed using TaKaRa rTaq DNA
polymerase in a 20 μL reaction system containing the following: 4 μL of 5× Buffer, 2 μL of 2.5 mmol/L
dNTPs, 0.8 μL of forward primer ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) (5 μmol/L), 0.8 μL of
reverse primer ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) (5 μmol/L), 0.4 μL of rTaq polymerase,
0.2 μL of BSA, 10 ng of template DNA, and ddH2O to 20 μL. ABI GeneAmp 9700 was used for PCR.
The PCR reaction parameters were as follows: 95 ◦C for 3 min; 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s,
and 72 ◦C for 45 s; 72 ◦C for 10 min; and, finally, 10 ◦C until stopping the reaction. The PCR products

179



Forests 2019, 10, 919

were sequenced using an Illumina Hiseq high-throughput sequencing platform by Shanghai Ouyi
Biomedical Information Co., Ltd.

2.5. Statistical Analysis

The homogeneity of variance was determined before performing ANOVA, and the data were
logarithmically transformed when required. Duncan’s test was used for assessing significant differences
in all of the parameters using the SPSS 21.0 statistics package (Chicago, IL, USA). All presented data are
indicated as the means and standard errors (SEs) of at least three replicates. The final results of fungal
sequencing were collated, and SR statistics tools were used (http://www.mdts-erver.com/srst/) to analyze
soil fungal data. Graphs were constructed with OriginPro 9.0 (Origin Lab, Northampton, MA, USA).

3. Results

3.1. Effects of C. migao Litter Aqueous Extract on Seedling Growth

The seedling height, biomass, and leaf area of C. migao were significantly decreased compared with
those of the control when the concentration of leafAE was increased. At 0.04 g·mL−1, the seedling height,
biomass, and leaf area decreased by 32.07%, 49.02%, and 42%, respectively. Within the experimental
concentration range, pericarpAE, seedAE, and branchAE significantly promoted seedling growth.
Among them, at 0.04 g·mL−1 of pericarpAE, seedling height, biomass, and leaf area increased by 57.29%,
37.36%, and 50.88%, respectively. Similar increases with seedAE treatment of 44.89%, 25.62%, and 39.97%
at 0.04 g·mL−1, respectively, and with branchAE treatment of 44.89%, 30.21%, and 47.31% at 0.04 g·mL−1,
respectively, compared with those of the control were also identified (Table 2). The response of seedling
growth to different litter aqueous extracts differed in the same concentration range.

Table 2. Effects of aqueous extract of litter from different anatomical parts of C. migao on seedling growth.

Group Concentration (g·mL−1) Height (cm) Biomass (g) Leaf Area (cm2)

LeafAE

0 162.53 ± 3.75 a 148.30 ± 7.10 a 17.69 ± 4.30 a
0.01 143.07 ± 7.30 b 110.80 ± 8.70 b 15.57 ± 2.88 bc
0.02 131.23 ± 8.60 bc 99.80 ± 9.10 bc 14.35 ± 1.24 bc
0.03 129.30 ± 6.80 c 95.30 ± 4.40 c 12.41 ± 2.65 bc
0.04 110.40 ± 4.96 d 75.60 ± 5.70 d 10.26 ± 3.68 c

PericarpAE

0 162.53 ± 3.75 d 148.30 ± 7.10 c 17.69 ± 4.30 b
0.01 220.60 ± 6.10 c 176.30 ± 6.40 b 23.46 ± 3.41 ab
0.02 225.50 ± 7.50 bc 182.40 ± 6.30 b 22.33 ± 3.62 ab
0.03 235.80 ± 5.20 b 183.80 ± 5.50 b 22.89 ± 3.05 ab
0.04 255.60 ± 5.70 a 203.70 ± 7.70 a 26.69 ± 3.67 a

SeedAE

0 162.53 ± 3.75 d 148.30 ± 7.10 b 17.69 ± 4.30
0.01 168.80 ± 5.30 cd 152.50 ± 7.30 b 19.43 ± 2.78
0.02 178.50 ± 6.00 c 157.00 ± 6.80 b 19.59 ± 3.88
0.03 225.50 ± 6.70 b 176.60 ± 8.20 a 21.47 ± 4.26
0.04 235.50 ± 4.80 a 186.30 ± 5.80 a 24.76 ± 3.86

BranchAE

0 162.53 ± 3.75 c 148.30 ± 7.10 c 17.69 ± 4.30 c
0.01 170.60 ± 5.90 c 150.30 ± 4.80 c 19.82 ± 4.18 ab
0.02 192.50 ± 6.70 b 164.50 ± 6.20 b 23.52 ± 4.11 ab
0.03 232.80 ± 7.50 a 187.50 ± 6.60 a 24.38 ± 3.65 ab
0.04 235.50 ± 5.10 a 193.10 ± 5.70 a 26.06 ± 3.72 a

The indices of height, biomass, and leaf areas for C. migao seedlings after the application of leafAE, pericarpAE,
seedAE, and branchAE treatments for 210 days. Values are expressed as mean ± SE. The values marked with different
letters are significant at p < 0.05 (Duncan’s test).

3.2. Effects of C. migao Litter Aqueous Extract on the Antioxidant Systems of Seedlings

Plants activate their own defense systems to resist toxicity caused by reactive oxygen species
(ROS) when they are under stress, such as enhancing their antioxidant enzyme activities. Our results
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show that the MDA content in the leaves of C. migao seedlings increased as the concentration of
leafAE increased (Figure 3a). Among the treatments, the MDA content was the highest when the
concentration of leafAE was 0.04 g·mL−1, which was 3.3 times that of the control. In pericarpAE,
seedAE, and branchAE treatments, the MDA content changed linearly and was higher than that of
the control. This illustrates that different aqueous extracts could cause different degrees of peroxidation
of the cell membrane lipid structure. The soluble protein content decreased as the concentration of
the extract increased under different treatments. It is noteworthy that the soluble protein content
of leafAE at 0.04 g·mL−1 was the lowest, which was reduced by 55% compared with that in the
control (Figure 3b). Moreover, the antioxidant enzyme activities of the seedlings were also affected
by the concentration of aqueous extract. The activities of POD and SOD in the seedlings treated
with pericarpAE, seedAE, and branchAE were higher than those of the control. This indicates that,
under the synergistic action of POD and SOD, excessive free radicals in the cells could be effectively
removed, thereby maintaining the structural stability of the cell membrane. Conversely, under a low
concentration of leafAE (>0.01 g·mL−1), C. migao seedlings were placed under stress, which resulted in
membrane lipid peroxidation, a sharp decrease in the soluble protein content, reductions in POD and
SOD activity (Figure 3c,d), and significant inhibition of the antioxidant capacity of the seedlings.

Figure 3. The MDA (a), soluble protein (b), POD (c), and SOD (d) contents in C. migao seedlings after
the application of litter aqueous extract treatments for 210 days. The x axis denotes the concentration of
the aqueous extract and the y axis denotes the content. Values are expressed as mean ± SE. The values
marked with different letters are significant at p < 0.05 (Duncan’s test).

3.3. Effects of C. migao Litter Aqueous Extracts on N, P, and K in Soils of Potted Seedlings

The TN content of the soil was increased with increasing concentration of the aqueous extracts; the
TN content increased by 69.68%, 42.26%, and 40.98% with leafAE, pericarpAE, and seedAE at 0.04 g·mL−1,
respectively, compared with that of the control. The difference was the most significant when the
concentration of leafAE was 0.04 g·mL−1 (p < 0.05) (Figure 4a). The TP content in soil was higher
than that in the control after all treatments. The most significant difference was found when the
concentration of pericarpAE was 0.04 g·mL−1 (p < 0.05) (Figure 4b). The TK content after all treatments
significantly increased (p < 0.05) compared with that of the control, which increased with increased
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aqueous extract concentration (Figure 4c). The AN content showed an upward trend under leafAE and
seedAE treatments, and the AN content significantly increased under seedAE (p < 0.05). The pericarpAE

and branchAE treatments showed downward trends for the AN content, and this variable in soil was
the lowest when branchAE was 0.01 g·mL−1 (Figure 4d). The soil AP content showed an upward
trend with the four kinds of aqueous extracts, with pericarpAE treatment causing the highest increase
(p< 0.05) (Figure 4e). In addition, with increases of all aqueous extracts, the soil AK content significantly
increased compared with that in the control group (p < 0.05) (Figure 4f).

Figure 4. The TN (a), TP (b), TK (c), AN (d), AP (e), and AK (f) contents in soil planted with C. migao
seedlings after litter aqueous extract treatments for 210 days. The x axis denotes the concentration of
the aqueous extract, and the y axis denotes the content. Values are expressed as mean ± SE. The values
marked with different letters are significant at p < 0.05 (Duncan’s test).

3.4. Effects of C. Migao Litter Aqueous Extract on Soil Enzyme Activities of Potted Seedlings

In the leafAE and branchAE treatments, the soil catalase activity was significantly decreased
compared with that in the control (p < 0.05), with increasing extract concentration. The soil catalase
activity in the pericarpAE and seedAE treatments first decreased and then increased (Figure 5a).
This indicated that the leafAE and branchAE treatments had significant negative regulatory effects
on soil catalase, whereas the pericarpAE and seedAE treatments showed a promoting effect. The soil
urease activity showed an increasing trend in all the treatments, being significantly higher than that in
the control (p < 0.05). All treatments promoted soil urease activity (Figure 5b). The soil phosphatase
activity decreased with the increases in the concentrations of leafAE and pericarpAE; the value after the
leafAE treatment was lower than that in the control, while that after the pericarpAE treatment was lower
than that in the control at 0.02–0.04 g·mL−1. The seedAE and branchAE treatments could also promote
soil phosphatase activity (Figure 5c). Moreover, under all the aqueous extract treatments, the soil
sucrase activity was higher than that in the control, and the promoting effect of seedAE at 0.04 g·mL−1

was the most pronounced (Figure 5d).
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Figure 5. The catalase (a), urease (b), phosphatase (c), and invertase (d) contents in soil planted
with C. migao seedlings after litter aqueous extract treatments for 210 days. The x axis denotes the
concentration of the aqueous extract and the y axis denotes the content. Values are expressed as
mean ± SE. The values marked with different letters are significant at p < 0.05 (Duncan’s test).

3.5. Composition of Fungi in Different Plots and Experimental Treatments

Fungi in the surface soil of nine areas below C. migao canopy and upon the treatments with the highest
concentration of the extracts were sequenced by high-throughput sequencing technology. As shown in
Figure 6a, the common fungi (after the removal of unidentified fungi) in the surface soil below the canopy
in the nine counties (Luodian, Ceheng, Libo, Zhenfeng, Wangmo, Napo, Funing, Tian’e, and Leye) were
identified as Archaeorhizomyces sp., Chaetomium nigricolor, Chaetosphaeria vermicularioides, Chloridium sp.,
Cladophialophora sp., Cryptococcus podzolicus, Cylindrocladiella pseudoparva, Ilyonectria mors-panacis,
Lophiostoma sp., Microascaceae sp., Mortierella biramosa, Myxocephala albida, Penicillifer martinii,
Penicillium ochrochloron, Rozellomycota sp., Trichoderma koningiopsis, and Trichosporon sporotrichoides. Based on
the relative abundance, the most abundant fungal species in Luodian, Ceheng, Libo, Zhenfeng,
Wangmo, Funing, and Leye was Cryptococcus podzolicus, the most abundant fungal species in Napo
was Mortierella biramosa, and the most abundant fungal species in Tian’e was Penicillium ochrochloron.
Comparing the species’ composition in terms of the top 30 species under the different treatments
(Figure 6b), it could be found that the species overlapping between natural conditions and artificial
controlled experimental conditions were Cladophialophora and Lophiostoma. The average abundance of
Cladophialophora in each treatment group was in the order pericarpAE > leafAE > seedAE > control >
branchAE, whereas that of Lophiostoma was branchAE > leafAE > pericarpAE > seedAE > control.
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Figure 6. Relative abundance at the species level. Notes: (a) Relative abundance of the top 30 species
under different treatments. (b) The common fungal species in nine areas.

The Adonis analytical method was used for analyzing the differences in the composition of fungi
between the different treatment groups (Table 3). The results indicated that the composition of fungi
significantly differed among the five treatments. It was also proven that the soil fungal community
may have been changed by the extract treatment from different anatomical parts of C. migao.

Table 3. Composition of fungi among the four treatments by the Adonis analysis method.

Title Df Sum of Squares Mean Squares F. Model R2 P (>F)

Group_factor 4 1.7057 0.42642 3.4234 0.57795 0.001
Residuals 10 1.2456 0.12456 0.42205

Total 14 2.9513 1

p < 0.05 indicates that the feasibility of this test is high and that there are significant differences at an intergroup level.

Similarly, UPGMA sample similarity cluster analysis (BinaryJacCard distance) was performed on
the three replicates of fungal communities (Figure 7). The results showed that the control, pericarpAE,
and seedAE (1,2) treatments were grouped into a single branch, whereas the seedAE (3) and leafAE

treatments were grouped together into another single branch. The clustering results showed that there
was good similarity within the group, indicating that the change in the fungal composition among the
different treatments was closely related to the type of litter.

4. Discussion

Obstacles to the natural regeneration of C. migao were always an important factor affecting its
population continuity. Early studies also confirmed that C. migao has strong allelopathic effects on many
plants [29]. Therefore, we hypothesized that C. migao is a medicinal plant with autotoxic allelopathy.
One of the main methods to affect population regeneration is through the decomposition of litter and
release of autotoxic compounds that alter the structure and properties of the ecosystems. Although our
laboratory experiments have some limitations, the results indicate that the autotoxicity of C. migao is
an important factor hindering its seedling growth and survival.
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Figure 7. UPGMA sample similarity clustering results.

4.1. Seedling Growth and Antioxidant System Responses to Aqueous Extracts from Different Anatomical Parts
of C. migao

Under autotoxicity, plants usually suffer a reduction in biomass, including inhibition of leaf,
stem, and root growth [10]. When the concentration of autotoxic substances is low, it may promote
plant growth, but if the concentration exceeds a threshold value, it will lead to unhealthy growth or
other adverse effects [7]. Our study found that all growth indices of seedlings treated with leafAE

were inhibited (Table 2). The height, biomass, and leaf area of seedlings were significantly decreased
with an increase in the concentration of leafAE (p < 0.05), which may be the physio-morphological
reaction to the autotoxic compounds contained in leaves on the seedlings [39]. This is similar to the
findings in a study on biomass accumulation with the allelopathy of Eucalyptus [40]. Contrary to leafAE

treatment, pericarpAE, seedAE, and branchAE treatments showed different degrees of promotion of
seedling growth. The reason for this may be that the types of compounds are different and the levels of
autotoxic substances in pericarps, seeds, and branches aqueous extracts at the same concentration are
lower than that in leaves, which does not reach the threshold of seedlings’ tolerance [7]. For instance,
the Pinus harcus leave aqueous extract inhibited wheat growth, whereas aqueous extracts from other
parts promoted it [41]. Meanwhile, preliminary tests were undertaken to clarify the mechanism of
autotoxins in C. migao seedlings.

Plants may undergo secondary stress under autotoxicity, for example, oxidative stress,
which results in the production of excessive ROS; causes accumulation of osmolytes, such as peroxide
anion free radical O2

−, hydroxyl radical OH−, and hydrogen peroxide (H2O2) [42]; and leads to
peroxidation of the membrane lipid structure in plant cells and, finally, MDA formation. The MDA
content can be used as an important index for judging the degree of peroxidation damage in plant cell
lipid membranes [43]. Our results showed that the content of MDA in leafAE was higher than that
in other aqueous extracts (Figure 3a). Plants produce protective enzymes to cope with the damage
caused by free radicals, including the cooperation of POD and SOD, which can effectively reduce
and eliminate the damage caused by free radicals to cell membranes [44]. POD and SOD activities in
seedlings were decreased with increasing applications of C. migao leafAE at the end of the experiments
(Figure 3c,d). This indicated that the leafAE treatment had an inhibitory effect on the antioxidant
system of seedlings; POD and SOD could not remove free radicals promptly, which made the seedlings
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undergo membrane lipid peroxidation for a long time. However, the pericarpAE, seedAE, and branchAE

treatments had no significant effect on seedling physiology (Table 2 and Figure 3), whereas the MDA
content and antioxidant enzyme activity increased with increasing concentration, and the activity
of antioxidant enzymes remained at a high level. This indicated that membrane lipid peroxidation
occurs in seedlings after aqueous extract treatment [5] (Figure 3a). POD and SOD antioxidants can
remove free radicals in seedlings over time, thereby preventing plant damage [9]. The increases
in POD and SOD in our study also supported the notion that seedlings could cause biotic stress
under autotoxicity. Similarly, soluble proteins are involved in the metabolism of various enzymes,
the content of which could indirectly reflect the ability of plants to perform material synthesis and
metabolism [45]. The decrease in the soluble protein content after leafAE treatment was higher than that
after other aqueous extract treatments, indicating that the structure and function of membrane lipids
in seedling leaves were damaged for a long time, and this might have led to the decreased activities
of various enzymes involved in synthesis and metabolism. Studies have indicated that 30%–50%
of the leaf soluble protein is Rubisco, which plays a decisive role in determining the plants’ rate of
photosynthesis [46]. Therefore, we considered that leafAE treatment affected the protective enzyme
system and photosynthetic capacity of seedlings, which was consistent with the finding of inhibition
of seedling growth after leafAE treatment at the end of the experiment. Although the effects of aqueous
extracts from different anatomical parts of C. migao on the seedlings differed, the experimental results
of leafAE treatment on the morphological and physiological inhibition of seedlings also validated our
first hypothesis, i.e., autotoxicity is the main factor affecting seedling growth.

4.2. Soil Nutrition and Enzyme Activity Responses to Aqueous Extracts of Different Anatomical Parts
of C. migao

Soil nutrient elements and enzyme activities play an important role in plant growth.
Generally, allelopathic (autotoxic) plant litter has a major impact on soil N, P, and K contents
and soil enzymes [47]. Allelopathic substances could alter soil fertility and enzyme activity when they
enter the soil, which indirectly leads to the occurrence of autotoxicity [48]. Soil enzymes are catalytically,
biologically active substances secreted by fungi, plants, and living animals, which are released after the
decomposition of animal and plant residues [49]. They are closely related to the transformation and
utilization of soil N, P, and K [50]. Soil catalase mainly decomposes H2O2 produced by microorganisms
to reduce toxicity; in the present study, the soil catalase content significantly decreased with an increase
in the concentration of leafAE compared with that in the control (p < 0.05), indicating that leafAE

treatment significantly inhibited the ability of soil catalase to scavenge H2O2, thereby indirectly
increasing the toxicity to seedlings [51] (Figures 5a and 3a). Soil urease can catalyze the hydrolysis of
urea in soil and improve the soil N supply capacity. Our study found that treatment with aqueous
extracts from different anatomical parts of C. migao increased soil urease activity, which was similar
to the changes in soil urease activity reported in studies of allelopathy on Allium sativum bulbs by
Astragalus mongholicus root aqueous extracts [52]. Generally, invertase activity is positively correlated
with soil urease and soil fertility. Compared with the control, the increase in soil fertility had positive
effects on soil invertase and urease activities in our study, which illustrates this point [53]. In some
autotoxic species, allelochemicals may cause deterioration of the soil substrate, thereby inhibiting the
secretion and release of soil phosphatase by plant roots and soil microbial metabolic activities [11] and
also affecting the conversion of soil organic P. Our results showed that the TP and AP contents upon
different treatments were significantly higher than those in the control, whereas the soil phosphatase
activity showed an opposite trend, with an increase in the concentration of the aqueous extract,
and leafAE concentration was always lower than in the control at 0.01–0.04 g·mL−1. One potential
reason for this is that the method of co-irrigation of extract and litter was adopted in this experiment,
and the later decomposition of litter could supplement soil elements. Furthermore, it is possible that
the aqueous extract has a negative effect on the metabolic activity of roots and the composition and
activity of soil microorganisms, thus changing the intensity of secretion, release, and modification of
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soil enzymes [11]. Although aqueous extract treatments supplemented the soil nutrients, they did
not change the inhibitory effect of leafAE on C. migao seedling growth, which also confirmed that
an improvement in soil fertility could not alleviate the negative effects of autotoxicity on plants [8].
Allelochemicals could affect soil physicochemical properties, microbial composition, and soil enzyme
activity after entering the soil, thereby changing the growth of plants [54]. Our study found that
litter aqueous extract caused certain changes in soil conditions compared with those in the control,
particularly the leafAE treatment, which altered the soil conditions to indirectly inhibit seedling growth.
Therefore, our second hypothesis was partially validated in this experiment. In addition, the inhibition
of seedling growth by leafAE treatment indicates that there are indeed autotoxic substances in C. migao
leaves, and the types and contents of these substances still need further study.

4.3. Soil Fungal Component with Different Treatments and in Contrast to that in the Field

Soil fungi are essential components of forest ecosystems and are considered to be key factors
affecting plant growth. Many autotoxic substances bind in the form of acyl/glycosyl groups in plants.
These toxic substances do not directly act on plants and do not exhibit autotoxicity, because of the lack
of soil fungi participated [55]. However, when autotoxic compounds enter the soil in the form of litter,
they lead to the degradation of acyl/glycosyl groups with the participation of fungi and conversion of
inactive to active forms, which finally cause autotoxicity [56]. The soil fungal community is the main
part of its microbial population and a decomposer of soil organic compounds [57]. It plays an important
role in regulating soil enzyme activities [58] and is directly related to invertase, urease, and phosphatase
activities [44]. In this study, soil fungal composition after different aqueous extract treatments were
compared with that in the nine areas to explore the differences in fungal diversity in potted soils
after different treatments. This could verify the possible effects of autotoxic substances on the soil
after entering it. Moreover, the study could determine whether there are common fungi involved
in the interaction of litter catabolism and soil substrate change during the process of autotoxicity.
Our results showed that there were significant differences in the fungal composition of surface soil
between different anatomical parts of aqueous extract treatments. Next, we performed comparisons
with 30 common fungi found in the nine areas and the two fungi found in the pot experiments; both of
these groups had a high abundance under leafAE treatment. This indicates that the different secondary
metabolites of litter resulted in an interaction between fungi in soil, which resulted in the difference in
the fungal composition after different treatments. It also indicates that allelochemicals could affect
plant growth by changing soil fungal composition [59]. There are only two kinds of fungi in common
between the pot experiment and the natural population. It may be that the pot experiment used
high-temperature-sterilized soil, and the species and quantity of fungi carried by the litter itself are
limited [13], which cannot fully reflect the fungal composition under natural conditions. In addition,
the climate of the experimental site differs from the natural conditions; therefore, the main reason for
these differences may be that the in situ environment is more suitable for related fungal growth [12].
From the perspective of revealing the relationship between fungi and autotoxicity, in situ experiments
will be indispensable, which will be the focus of our work in the future.

5. Conclusions

In summary, our results demonstrated that the leafAE treatment could inhibit seedling growth to
different degrees, and the inhibitory effects mainly act via decreasing growth targets and damaging
cell membrane lipid structures. Our results also revealed that soil enzyme activities were inhibited
by leafAE, and the soil fungal composition after leafAE treatment was significantly different from
that after the other treatments (including the control). Although the soil fertility was somewhat
improved by leafAE treatment, it did not promote seedling growth, which indicated that the autotoxic
substances contained in leaves are important factors affecting seedling growth. This is consistent
with the long-term accumulation of leaf litter in the field and also supports the view that autotoxicity
is an important obstacle to the natural regeneration of C. migao. From the perspective of species
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protection, the litter under the canopy should be cleaned up in time to reduce accumulation of autotoxic
substances in soils under canopy and conserve the natural population. Meanwhile, measures for ex
situ conservation could be considered after artificial seedling cultivation in similar habitats.
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Abstract: In the future, boreal forests will face warmer and in some cases drier conditions, potentially
resulting in extreme leaf temperatures and reduced photosynthesis. One potential and still partially
unexplored avenue to prepare boreal forest for future climates is the identification of plant traits
that may support photosynthetic rates under a changing climate. However, the interplay among
plant traits, soil water depletion and the occurrence of heat stress has been seldom explored in boreal
forests. Here, a mechanistic model describing energy and mass exchanges among the soil, plant
and atmosphere is employed to identify which combinations of growing conditions and plant traits
allow trees to simultaneously keep high photosynthetic rates and prevent thermal damage under
current and future growing conditions. Our results show that the simultaneous lack of precipitation
and warm temperatures is the main trigger of thermal damage and reduction of photosynthesis.
Traits that facilitate the coupling of leaves to the atmosphere are key to avoid thermal damage and
guarantee the maintenance of assimilation rates in the future. Nevertheless, the same set of traits
may not maximize forest productivity over current growing conditions. As such, an effective trait
selection needs to explicitly consider the expected changes in the growing conditions, both in terms
of averages and extremes.

Keywords: boreal forest; leaf temperature; photosynthesis; water availability; leaf thermal
damage; thermoregulation

1. Introduction

Plant growth and development involve numerous biochemical reactions that are sensitive to
temperature [1]. At the leaf level, high temperatures may lead to a decrease in photosynthesis and
an increase in respiration, thus reducing ovetrall net carbon dioxide (CO2) assimilation rate [2].
Under extreme conditions, plant thermotolerance might be exceeded, leading to permanent damage to
the photosynthetic machinery [3]. Leaf thermal damage occurs when leaf temperature (TL) exceeds a
critical temperature (TCRIT), but the damage becomes permanent if TL exceeds an even higher thermal
threshold, often termed ‘maximum temperature’ [3–7].

Leaf temperature is defined by the interplay between plant traits (chiefly, leaf size and shape [8],
albedo [9] and stomatal conductance [10]) and environmental conditions (irradiance, air temperature
and humidity, plant water availability). When plants are well-watered and the canopy is well-coupled
with the surrounding atmosphere, air temperature (TA) and TL are generally well correlated, although
thermal regulation can result in leaves being cooler than air in warm conditions and warmer
otherwise [11]. Low wind speed and plant water shortage can lead to TL substantially exceeding
TA [12–14], by reducing the leaf evaporative cooling.

Forests 2019, 10, 398; doi:10.3390/f10050398 www.mdpi.com/journal/forests193
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Climate change projections suggest a global increase in the frequency of warm days and nights,
heat waves and, in some locations, dry spells [15]. Boreal forests are warming up twice as fast as other
ecosystems. As a result of higher temperatures and, in some regions, reduced summer precipitation [15],
they will be subject to more frequent periods of low water availability. Warming, together with low
water, is already negatively affecting forest productivity [16,17] and threatening the survival of sensitive
species [18]. This is especially problematic in the boreal region considering the role of boreal forests in
the global carbon (C) cycle [19,20] and as a biomass source in climate change mitigation policies [21].
However, while the joint effects of high air temperatures and low water availability and the occurrence
of thermal damage and/or limitation of assimilation rates have been extensively studied in arid and
semi-arid environments [22,23], the potential occurrence of such conditions has been mostly overlooked
in more mesic environments and boreal forests [24]. To better understand the joint effects of high
temperatures and low water availability is essential in order to identify the expected frequency of
damaging conditions the potential extent of damage, and possible steps towards preparing boreal
forests to future growing conditions.

One potential and still partially unexplored avenue for adaptation to climate change is the
identification of combinations of plant traits that can support carbon uptake and reduce the risk of
thermal damage in a changing climate [25]. In particular, the role of traits leading to high temperature
tolerance has been little explored over boreal regions [26]. Similarly, the link between plant traits,
water use and water stress has not been fully resolved in boreal forests [27]. Limited information and
understanding may be partially due to the fact that measurements of comprehensive sets of traits and
long-term monitoring of forest dynamics are expensive and time consuming, constraining the traits
considered [27]. Mechanistic models offer a powerful tool to overcome these limitations, allowing the
exploration of a wide set of traits and environmental conditions, including the expected warmer and
drier conditions.

Here, a mechanistic model describing energy and mass exchanges among the soil, plant and
atmosphere [28,29] is applied to explore the role of plant traits and current and future environmental
conditions on leaf temperature and net CO2 assimilation, with a focus on boreal forests. Specifically,
we answer three questions, pertaining traits, growing conditions and their joint effects respectively:
(i) Which are the dominant plant traits in regulating leaf temperature and CO2 assimilation? (ii) How
do environmental conditions (e.g., air temperature and precipitation timing) interact in determining
the occurrence of thermal damage and reduced CO2 assimilation? (iii) Which are the most suitable
trait combinations for sustained CO2 assimilation and thermal damage avoidance? How do they differ
between current and future, warmer and drier conditions? By answering these questions, this study
identifies the key plant traits along the thermal safety—C fixation tradeoff, under current and future
climates. It also suggests optimal trait combinations for thermal safety and productivity to cope with
future climates. Therefore, this study contributes to disentangle the traits—growing conditions nexus,
including the joint effect of increasing temperatures and more frequent lack of water in boreal forests.

2. Materials and Methods

2.1. APES-Atmosphere-Plant Exchange Simulator Model

We use the model APES (Atmosphere-Plant Exchange Simulator), previously developed,
calibrated and validated in boreal forests. APES is a process-based one-dimensional multilayer,
multi-species forest canopy-soil model, designed especially to account for the vertical structure and
functional diversity. The model mechanistically solves the coupled energy, water and C cycles in the
soil-vegetation-atmosphere system, using physical and physiological constraints. Only the modeling
aspects most relevant for the purposes of this work, i.e., those related to the determination of leaf
temperature and net CO2 assimilation rate, are briefly described here and in the Supplementary
Materials. A complete description of this model and its validation, as well as some applications, can be
found in Launiainen et al. [28,29].

194



Forests 2019, 10, 398

In APES, the leaf temperature, TL, is calculated separately for sunlit and shaded leaves within
each canopy layer, by solving the coupled energy balance and net CO2 assimilation rate (Anet) (see the
Supplementary Materials for the equations).

Anet is obtained based on the Farquhar model, as the minimum of Rubisco-limited and light-limited
rate, which in turn depend on the maximum carboxylation rate VCMAX and the maximum electron
transport rate JMAX, respectively [30]. The temperature responses of both VCMAX and JMAX are as in
Medlyn et al. [31]. Additionally, leaf respiration increases with TL, so that Anet reaches its maximum
at an intermediate temperature (the optimal temperature for net CO2 assimilation). The parameters
VCMAX, JMAX and Rd at reference temperature are affected by the leaf water potential (ψL), following
Kellomaki and Wang [32]. The stomatal conductance is computed by using the “unified stomatal
model” proposed by Medlyn et al. [33].

The microclimatic gradients within the plant canopy are explicitly accounted for.
The photosynthetic active (PAR) and near-infrared (NIR) radiation, and the long-wave balance
are computed for each canopy layer as in Zhao and Qualls [34,35]. The profiles of air CO2 and H2O
concentrations, TA and wind speed (U) are computed using first-order turbulence closure schemes
iteratively with solution of leaf energy and CO2 balance. The above-ground and soil processes are
coupled through water and heat fluxes via feedbacks between soil and vegetation (rainfall interception,
root water uptake, feedbacks to leaf physiological parameters).

2.2. Metrics Evaluating Thermal Risk and Assimilation Capacity

To explore the role of key plant traits and identify potential trade-offs between photosynthesis
and thermoregulation, we focused on four metrics of thermal damage, tolerance and CO2 fixation.

2.2.1. Maximum TL (TL,max)

TL,max was determined as the maximum leaf temperature within the warmest three-day period
during the growing season. For each time step (30 min), we first calculated the average of TL of each
canopy layer in sunlit leaves, which are the ones most likely to experience the warmest temperatures.
Using this average TL series, we then computed the three-day moving average. TL,max is the absolute
maximum TL within the three-day window with the highest moving average. We selected a three-day
period, as in O’Sullivan et al. [3], considering that plants can cope with high temperatures for short
periods. Knowledge of TL,max allows determining whether conditions may be conducive to thermal
damage of the photosynthetic machinery, i.e., if the critical temperature (TCRIT) is exceeded over the
growing season.

2.2.2. Cumulated Anet (Anet,cum)

Anet,cum is the cumulated Anet within the growing season. We first computed the average of
Anet at each time step (30 min), including both sunlit and shaded leaves, weighted by sunlit and
shaded fractions of leaves at each layer and accounting for non-uniform leaf area distribution across
canopy layers. Then, Anet,cum was calculated as the cumulated sum of the average Anet within the
growing season.

2.2.3. Maximum Anet (Anet,max)

The Anet,max refers to the maximum average Anet at each time step (30 min) over the growing
season, weighted by sunlit and shaded fractions of leaves at each layer and accounting for non-uniform
leaf area distribution across canopy layers.
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2.2.4. Thermal Range of High Photosynthesis (ΔT90)

The ΔT90 is the extent of the temperature range where assimilation rates are ≥90% of their seasonal
maximum value calculated above, Anet,max. Considering the previously computed Anet,max and, at each
time step, the average Anet over the whole canopy, we identified the maximum and minimum TL for
which Anet is equal to 90% of Anet,max. ΔT90 corresponds to the difference between those maximum
and minimum TL. We interpreted ΔT90 as a proxy of leaf thermotolerance: broad ΔT90 ranges mean
that the CO2 assimilation rate is close to its maximum under a wide range of thermal conditions,
while narrow ΔT90 range necessarily implies a higher likelihood to experience sub-optimal thermal
conditions for assimilation.

2.3. Plant Traits Selection and Determination of Their Role

2.3.1. Selection of Plant Traits

Only traits expected to have a direct most notable effect on leaf thermoregulation and C-fixation
in APES were included in the analyses. Under set environmental conditions, TL is strongly affected
by leaf size and shape [8], albedo [9] and traits related to stomatal conductance and hence regulation
of transpiration [10]. These traits also affect the net CO2 assimilation rate, directly via its maximum
rate, and indirectly, via the stomatal opening and the effects of temperature on leaf metabolic
rates. Consequently, in the analyses below, we focused on the primary plant traits regulating the
CO2 assimilation rate, the boundary layer and stomatal conductances (gb and gs, respectively),
the absorption of solar radiation.

A total of six traits were selected: the maximum carboxylation rate at 25 ◦C, VCMAX,25; the
two parameters of the stomatal model, i.e., stomatal model slope in well-watered conditions g1

and a parameter describing the sensitivity of g1 to soil water potential β [33]; the effective leaf
thickness, lt, and PAR and NIR albedos, αPAR and αNIR. This selection was based on the following
considerations. Assuming leaves as flat plates, the effective leaf thickness, lt, controls the boundary
layer conductance gb [36,37]. Conversely, the stomatal conductance, gs, is mostly dependent on
hydraulic and photosynthetic traits: in the stomatal model employed in APES [33], these aspects
are summarized by the parameters g1 and β. Leaf temperature and photosynthesis also depend on
the absorbed radiation, and hence on the leaf albedo for both photosynthetically active and near
infrared radiation (αPAR and αNIR respectively). Finally, according to the Farquhar model, the net
CO2 assimilation rate depends on the maximum carboxylation rate, VCMAX, the maximum electron
transport rate, JMAX, and the day respiration rates, Rd. These rates are functions of the corresponding
rates at 25 ◦C (VCMAX,25, JMAX,25 and Rd,25) and their response to temperature [31]. JMAX,25 and Rd,25 are
often well correlated with VCMAX,25, following Medlyn et al. [38] and Launiainen et al. [29], respectively,
thus allowing to consider only VCMAX,25 as a key parameter of photosynthesis. Further details on trait
selection and their role in leaf temperature regulation are given in the Supplementary Materials.

For each of these six traits, we considered realistic ranges, based on a literature search. These ranges
were maintained intentionally broad, beyond those typical of current dominant coniferous and
deciduous tree species in boreal forests (Table 1). Conversely, the understory and forest floor features
were fixed in the model. Concretely, the understory consists of seedlings of Norway spruce, Silver
birch and other deciduous species (LAI ∼0.5 m2 m−2), as specified in [29].
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Table 1. Summary of the traits considered in the General Sensitivity Analysis (GSA), their ranges
of variation emerging from the literature globally and for mid-to-high latitudes and corresponding
supporting references.

Trait Range Range for Mid-to-high Latitude References
References for

Mid-to-high Latitude

VCMAX,25
(μmol m–2 s–1)

20–120 35–70 [39–42] [29,39,40,43,44]

lt
(m)

0.005–0.15 * [11,45,46] [29]

g1
(kPa0.5)

1–15 1.5–7 [33,38,47] [29,33,38]

β

(-)
0.05–3 ** [29,33,38] [29,33,38]

αPAR
(-)

0.02–0.3 0.04–0.12 [48–50] [29,48–50]

αNIR
(-)

0.1–0.7 0.2–0.55

* No specific values for mid-to-high latitude have been reported. However, boreal forests are dominated by species
with needles. ** No specific values for mid-to-high latitude have been reported.

2.3.2. General Sensitivity Analysis (GSA) and Determination of Dominant Traits

A General Sensitivity Analysis (GSA) was run on APES to identify which of the focal traits are
most important to maximize both instantaneous and cumulative Anet and regulate TL, reducing the
risk of high temperature damage. To this aim, 100 trait sets were randomly generated from uniform
distributions of each trait over the ranges specified in Table 1. The traits were sampled independently.
The model was run using each trait set for current growing conditions (Section 2.4.1). The obtained
simulated time series of Anet and TL allowed the computation of the four metrics described in Section 2.2
for each trait set (maximum leaf temperature, TL,max; the thermal range of high photosynthesis, ΔT90,

cumulated and maximum net assimilation, Anet,cum and Anet,max).
The model results were then grouped based on whether the metrics exceeded pre-set thresholds.

Specifically, a threshold was set for each metric in order to split the 100 trait sets into two groups:
one containing the m trait sets for which metric is above the threshold (Group 1) and the others
n = (100 – m) (Group 2). Then, for each trait, the cumulative probability distribution for the m trait
values in Group 1 and n trait values in Group 2 were obtained. The higher the distance between
the cumulative distribution functions, the more important the role of the trait value in defining the
outcome. To measure the distance between the two empirical functions, the Kolmogorov–Smirnov
(KS) two-sample test was used. This nonparametric method allows comparing two samples and
quantifying the distance between the empirical distributions of the two samples [51]; thus, it can be
used to rank the traits according to how dominant they are in determining the final outcome [52–54].

The thresholds for the grouping were selected to be the highest ones that allowed the greatest
number of trait sets in the Group 1 while the number of dominant traits remained unchanged [53].
Indeed, choosing an excessively low threshold leads to (almost) no distinction between Group 1 and
Group 2 so that the separation between the two distribution functions is negligible for all traits (i.e.,
no trait emerges as dominant). Conversely, choosing an excessively high threshold reduces substantially
the number of trait sets for which the metric is above the threshold: in this case, Group 1 might not
be representative except for a minority of trait sets, leading to a substantial separation between the
two distribution functions for all traits (i.e., all traits are considered dominant). This approach was
followed for each metric except TL,max. For the latter, we used TCRIT—i.e., the temperature at which
first symptoms of thermal damage appears. Following O’Sullivan et al. [3], based on the latitude of the
reference study site (Section 2.4.1), TCRIT was set at 44.0 ◦C. This threshold also allowed a balanced
partitioning of the 100 parameter sets into Group 1 and Group 2, i.e., the approach delineated above
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would have led to a similar value for the threshold. The resulting thresholds were: TL,max = 44.0 ◦C,
Anet,cum = 1,274 μmol m−2, Anet,max = 0.466 μmol m−2s−1 and ΔT90 =6.3 ◦C.

2.3.3. Selection of Focal Trait Combinations

Once the dominant traits were identified via Kolmogorov–Smirnov test, four sets of parameters
were chosen to represent widely different outcomes in terms of thermotolerance and C fixation (Table 2).
Given the focus on boreal forests, the focal trait combinations were chosen among those including
trait values within the ranges typically observed in mid-to-high latitude forests (Table 1). We selected
four trait combinations that showed contrasting thermal and productivity responses under identical
growing conditions (2005 growing season). Specifically, trait combination 1 corresponds to the set
of traits with the lowest performance (lowest Anet,cum and TL,MAX exceeding TCRIT in 2005): it is
representative of those trait combinations with low productivity and high risk of thermal damage, at
least under the current conditions (Low Productivity-High Risk; hereafter, LP-HR). Combination 2 was
instead the best performing combination, leading to high assimilation rates while preventing thermal
damage, i.e., it is representative of individuals with high productivity and low risk of thermal damage
(High Productivity-Low Risk; HP-LR). Combination 3 led to high assimilation rates but also to TL,MAX

on par with that of combination 1, thus representing trait sets leading to high productivity but also
high risk of thermal damage (High Productivity-High Risk; HP-HR). Finally, combination 4 resulted in
assimilation rates similar to combination 1 but it did prevent the occurrence of thermal damage; thus,
it corresponds to low productivity but also low risk of thermal damage (Low Productivity-Low Risk).
These differences in assimilation and thermal metrics are the result of the following differences between
the trait values. Combinations 1 (LP-HR) and 4 (LP-LR) have similar and low VCMAX,25; combinations
2 (HP-LR) and 3 (HP-HR) have a similar VCMAX,25, but these are higher than combinations 1 and 4.
Conversely, lt values in combinations 1 (LP-LR) and 3 (HP-HR) are similar and higher than the ones
in combinations 2 (HP-LR) and 4 (LP-LR), the latter of which also have similar values. No patterns
emerged relatively to the other traits, which were indeed not dominant as shown by the sensitivity
analysis (see results in Section 3.1). These four combinations of traits together with their corresponding
assimilation and thermal metrics are listed in Table 2.

Table 2. Combination of traits used to perform the climate scenarios analyses and the resulting values
of the assimilation and thermal metrics for the growing season 2005. LP-HR: Low Productivity-High
Risk of thermal damage; HP-LR: High Productivity-Low Risk of thermal damage; HP-HR: High
Productivity-High Risk of thermal damage; LP-LR: Low Productivity-Low Risk of thermal damage.

Trait Combination VCMAX,25

μmol m–2 s–1
lt

m
g1

kPa0.5
β

(-)
αPAR

(-)
αNIR

(-)
Anet,cum

μmol m–2
TL,max◦C

Anet,max

μmol m–2s–1
ΔT90◦C

Comb. 1
(LP-HR)

36.16 0.14 6.35 2.41 0.11 0.39 25235 49.50 8.15 6.02

Comb. 2
(HP-LR)

57.36 0.02 2.19 0.70 0.27 0.60 32770 40.08 11.54 5.60

Comb. 3
(HP-HR)

56.93 0.10 6.53 2.34 0.19 0.49 36818 46.18 12.58 5.83

Comb. 4
(LP-LR)

36.37 0.03 6.18 1.92 0.22 0.52 25600 42.14 8.18 6.52

2.4. Growing Conditions

The GSA was performed under current climatic conditions, corresponding to selected years in a
study site in Finland (Section 2.4.1). Conversely, the focal combinations of traits were tested under both
current and future warmer and/or drier growing conditions, as defined in Section 2.4.2. This approach
allowed us to determine whether thermal damage and suboptimal photosynthetic rates would occur
given certain temperature increase and intensity of the water stress, thus allowing the quantification of
potential effects of climate change and the importance of trait selection in the future.
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2.4.1. Current Growing Conditions

Current growing conditions are based on meteorological data observed in the Hyytiälä field
station SMEAR II (Station for Measuring Forest Ecosystem-Atmosphere Relations), located in Hyytiälä,
Southern Finland (61◦51’ N, 24◦17’ E). The annual mean temperature is 3 ◦C and total mean annual
precipitation is 700 mm. All the meteorological data necessary for APES are routinely measured at
this site. A complete description of the site and its measurements can be found in Kolari et al. [55];
Kulmala et al. [56] and Launiainen et al. [29].

The model was applied over selected growing seasons (2005 and 2006), here defined as the period
of May 1st to September 30th [29], with the warmer period falling in the first half of July. The growing
season 2005 can be considered as a normal one in the region, while 2006 was a dry year [57], slightly
warmer than 2005. The two growing seasons were also characterized by a different precipitation
timing: in 2005, the rainiest period occurred in late July and early August and the highest precipitation
was recorded at the end of the growing season; in 2006, a dry spell occurred in late July and early
August while two of the rainiest peaks were recorded in early July. Therefore, 2005 and 2006 present
contrasting plant water availability, allowing us to analyze if these difference might lead to significant
changes in thermoregulation and net CO2 assimilation.

2.4.2. Scenarios of Future Growing Conditions

Boreal regions are experiencing a rapid warming and an increase in the frequency and intensity
of periods with low water availability as a consequence of changes in the timing and magnitude of
precipitation, as well as increases in evapotranspiration from longer and warmer growing seasons [15].
Therefore, to generate climate change scenarios, we focused on air temperature (TA) and soil water
potential (ΨS).

The future scenarios were developed as follows. We considered two single days within the
growing season of year 2005 as baseline: (i) the day where TL reached its maximum value (July 6th)
and (ii) an average day with TA close to the median value for the growing season (May 20th). Then, we
built scenarios of future growing conditions by shifting upwards the observed TA series of 1 to 10 ◦C
combined with decreasing soil water potential ranging from −0.5 to −3 MPa. The soil water potential
is considered constant within the day. For each scenario, we computed the instantaneous Anet and
TL at midday. While acknowledging their importance, other environmental variables such as wind
speed and relative humidity were not modified. Thus, the vapor pressure deficit (VPD) was computed
considering the new temperature values and the unchanged relative humidity.

Furthermore, we analyzed how trait combinations might affect soil water availability and how
such changes may alter maximum and cumulated net CO2 assimilation. To this aim, the shift in TA

series by 1 to 10 ◦C was combined with imposing 5 to 30 day dry spells, with no precipitation. The dry
spell was assumed to begin after the last precipitation event before the warmest period registered
within the growing season of 2005 (i.e., June 27th). We then computed the corresponding Ψs at the end
of the 5–30 day dry period, and the Anet,cum over the dry down.

In all cases, the length of the growing season was maintained unaltered, even though global
warming may lead to longer growing seasons in boreal regions [58,59]. This simplifying assumption
bears no consequence of the results discussed below, because the aim was to contrast different trait
combinations under the same abiotic conditions.

3. Results

3.1. Dominant Traits Emerging from the General Sensitivity Analysis (GSA)

The General Sensitivity Analysis (GSA) allowed the identification of the traits most relevant
for the four metrics: TL,max, Anet,cum, Anet,max and ΔT90. The results are presented in Figure 1 and
summarized next.
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3.1.1. Maximum TL (TL,max)

Ranking the traits according to KS (Figure 1), the most dominant one was lt, followed by g1 and
VCMAX,25. In the case of the leaf albedos (αPAR and αNIR) and β values, the two distribution functions
were overlapping and the KS value was negligible, i.e., the traits did not have a large effect on TL,max.
The group containing the trait sets that did not result in thermal damage (i.e., TL,max < TCRIT) had lower
lt, higher g1 and higher VCMAX,25. For values lower than 55 μmol m–2s–1 (i.e., those typically observed
in trees in mid-to-high latitudes; shaded range), the importance of VCMAX,25 decreases as evidenced by
the two empirical distribution functions overlapping for such parameter values. The same behavior
was shown by g1, the influence of which diminishes for values higher than 4 kPa0.5.

3.1.2. Cumulated Anet (Anet,cum) and Maximum Anet (Anet,max)

Anet,cum was dominated by VCMAX,25, followed by g1 and lt. Higher values of VCMAX,25 led to
higher Anet,cum. Similarly, the group with higher Anet,cum presented higher values of g1 and lt up to
values of 11 kPa0.5 and 0.1 m, respectively, above which the effect of these parameters on Anet,cum

shifted. Similar results were obtained regarding Anet,max (Figure 1, third row).

3.1.3. Thermal Range of High Photosynthesis (ΔT90)

ΔT90 was equally dominated by g1, lt and VCMAX,25. The group with higher thermotolerance (i.e.,
broader ΔT90) had higher g1 and lower VCMAX,25 and lt than the less thermotolerant one. Regarding
the leaf albedos and β values, the distribution functions were mainly overlapping and the KS value
was almost negligible (Figure 1, bottom row). Note that, differently from the case of TL,max, VCMAX,25

is also dominant for parameter values typical of trees in mid-to-high latitudes.

3.2. Role of the Growing Conditions

3.2.1. Differences between 2005 and 2006

In both the 2005 and 2006 growing seasons, leaves did not reach their maximum temperature
when TA was warmest, but rather after several consecutive days without precipitation (4 and 7 days
in 2005 and 2006, respectively). No large differences between the days when the maximum TL are
reached in each year were found in terms of radiation, wind speed and VPD.

Given the same combination of traits, Anet,cum was systematically higher in 2006 than in 2005
growing season (Figure 2, top), while TL,max was systematically higher in 2005 than in 2006. Indeed,
some combinations of traits led to thermal damage during 2005, while this threshold was not reached
by any combination of traits during 2006. Conversely, no marked differences in terms of Anet,max and
ΔT90 were found (Figure 2).
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Figure 2. Comparison of model outputs for 2005 and 2006. Value of the four metrics Anet,cum (in μmol
m–2), Anet,max (in μmol m–2s–1), TL,max and ΔT90 (in ◦C) obtained for the 100 combination of traits
under the growing conditions 2005 and 2006. The dashed line corresponds to the 1:1 line.

3.2.2. Future Growing Conditions

To investigate the effects of likely future conditions, increases of temperature of 0◦ C to 10 ◦C with
respect to current conditions were combined with values of soil water potential ranging from −0.5 to
−3 MPa. Those changes were applied by considering both a standard day and a warm day of the 2005
growing season as baselines.
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Taking the currently normal thermal conditions as baseline, combination 3 (HP-HR) led to the
highest assimilation rates under TA lower than 18◦C (Figure 3 bottom row). For TA below 16◦C, TL

reached temperatures similar to combinations 2 (HP-LR) and 4 (LP-LR). Combination 1 (LP-HR) led to
the highest difference between TA and TL, while combinations 2 (HP-LR), 3 (HP-HR) and 4 (LP-LR)
showed similar TL values over a wide range of TA conditions (Figure 3 top row). TL was not sensitive
to Ψs in any of the four combinations. The Anet contour curves showed a parabolic shape with a vertex
in TA equal to 8◦C, 10◦C, 10◦C and 12◦C for combination 1, 2, 3 and 4, respectively.

Figure 3. Leaf temperatures (top row; in ◦C ) and net assimilation rates (bottom row; in μmol m–2 s–1)
for different air temperatures and soil water potentials. Four trait combinations are explored (Table 2).
The lowest air temperature corresponds to the median day for the growing season 2005. As a term of
comparison, the left column shows the frequency of the air temperature at midday reported in the study
site during the growing seasons from 1996 to 2016. LP-HR: Low Productivity-High Risk of thermal
damage; HP-LR: High Productivity-Low Risk of thermal damage; HP-HR: High Productivity and High
Risk of thermal damage; and LP-LR: Low Productivity and Low Risk of thermal damage.

For the warm day baseline conditions, combinations with high lt—i.e., combinations 1 (LP-HR) and
3 (HP-HR)—were more likely to result in thermal damage, with TL exceeding TCRIT even under current
thermal conditions (Figure 4 top row). Due to this high TL, the assimilation rates were also reduced to
the point that combination 3 (HP-HR) showed lower Anet even though its maximum assimilation rate
was higher than the corresponding one in combination 4 (LP-LR) (Figure 4, bottom row). Conversely,
combination 2 (HP-LR), and to some extent combination 4 (LP-LR), showed higher thermoregulation
capacity (i.e., lower TL) and higher assimilation rates. When compared, combination 2 (HP-LR)
appeared to be more beneficial, resulting in lower TL and higher assimilation rates. Note that for
all four combinations, an increase in TA with respect to the warm day baseline is detrimental to
plant productivity, as Anet is reduced and leaves experience thermal damage already under current
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conditions (combination 1 and 3), or for temperature increases of 1 to 2.5 ◦C (combination 4 and 2,
respectively). TL was sensitive to Ψs under dry conditions, particularly in combination 2 (HP-LR)
(Figure 4 top row). Contrarily, in all combinations, Anet rates decreased as did water availability
(Figure 4 bottom row).

Figure 4. Leaf temperatures (top row; in ◦C) and net assimilation rates (bottom row; in μmol m–2 s–1)
for different air temperatures and soil water potentials. The baseline temperature corresponds to the
warmest day of the growing season 2005. All the other parameters are as in Figure 3.

Regarding the effects of plant traits on soil water depletion, similar Ψs emerged among the
four trait combinations after the same number of consecutive days without precipitation. For all four
combinations, after intervals shorter than 15 consecutive days without precipitation, soil water potential
(i.e., lower Ψs) was only slightly affected by increasing temperatures. The lowest Ψs—around –0.9 MPa
after more than 25 consecutive dry days—was reached by combination 2 (HP-LR) and 4 (LP-LR)
(Figure 5).
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Figure 5. Soil water potential (upper panels; MPa) and cumulated net assimilation (lower panels; μmol
m–2 s–1) for each focal trait combination (Table 2) for specific TA (y-axis) and after a certain number of
consecutive days without precipitation (x-axis). The baseline temperature corresponds to the warmest
day in 2005. The rest of the growing conditions correspond to those observed in the study site during
the same period within the growing season of 2005.

4. Discussion

4.1. Role of Traits: Potential Mechanisms Explaining the Dominance of Plant Traits

The GSA allowed identifying the role of six traits affecting net CO2 assimilation, Anet,
leaf temperature and TL, and hence the risk of thermal damage. As expected, both the maximum and
cumulated net CO2 assimilation are strongly dependent on the maximum carboxylation rate, VCMAX,25.
They are also affected by the effective leaf thickness, lt, although less markedly. In particular, higher lt
values were also associated with higher cumulated net CO2 assimilation, Anet,cum, but only up to lt
~0.1m, above which this trend reverts. In general, higher lt leads to higher TL, by reducing the leaf
boundary layer conductance gb [60]. Increase in TL may have opposite effects on Anet, depending
on the initial temperature and the species: when TL is below the temperature that maximizes net
CO2 assimilation, an increase in TL stimulates Anet [11]. In our results relative to current climates,
TL was generally below such threshold, so that higher lt values were associated with higher Anet,cum.
Nevertheless, as apparent from our results, there is a maximum lt, above which increases in lt are no
longer beneficial for CO2 assimilation because of an insufficient leaf cooling. Note that most boreal
forests have needles, i.e., low lt. It is important to note that plants grown in high light generally have
thick leaves to protect them from high-irradiance damage [61,62]. Conversely, in low light available
conditions (frequent in boreal forests), leaf thickness reduces to maximize the light capturing area and
reduce self-shading. As such, the low lt typical of many boreal species enhances light use, and hence
potentially net CO2 assimilation via light capture as opposed to optimal temperature for photosynthesis.
Finally, within the range of values observed in mid-to-high latitudes (shaded area in Figure 1), the two
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parameters of the photosynthesis model (g1, β), and both albedos (αPAR and αNIR) did not have any
conspicuous influence on the net assimilation rates.

Regarding the thermal metrics, the range of high photosynthesis, ΔT90w, was equally influenced
by the traits lt, g1 and VCMAX,25. Conversely, the maximum temperature TL,max, was mostly influenced
by lt, while g1 and VCMAX,25 played secondary roles. In particular, lower lt values and higher g1 values
at a given VCMAX,25 lead to higher boundary layer and stomatal conductances, respectively, preventing
thermal damage and resulting in lower TL. Similarly, higher VCMAX,25 were associated to higher gs,
which in turn enhances the cooling effect of transpiration, resulting in lower TL. This mechanism
might explain the effect of VCMAX,25 on TL,max. However, with focus on values observed in mid-to-high
latitudes (shaded area in Figure 1), the role of VCMAX,25 in regulating maximum TL diminished.
Therefore, under warm conditions, the cooling effect of the transpiration process is generally neither
benefited from nor hampered by the assimilation capacity of plants, but rather regulated by the traits lt
and g1.

There is no evidence in the literature of how ΔT90 changes according to plant traits, to the best of
our knowledge. The width of the temperature range that realizes >80% of the maximum photosynthetic
rate varies among plant functional types, in particular at low growth temperatures [1,63,64]; however,
thus far these differences have not been explained based on specific traits. Our results suggest that
VCMAX,25, lt and g1 are the key traits that determine ΔT90, possibly through the regulation of stomatal
and boundary layer conductances. The influence of VCMAX,25 might also be due to the dependence of
VCMAX on TL per se, as discussed in the Supplementary Materials. As apparent from Figure 1, leaves
that are well coupled with the atmosphere (i.e., high gb and gs and, therefore, high g1 and low lt)
correspond to wider ΔT90, whereas leaves less coupled with the atmosphere present narrower ΔT90.
This might mirror two different plant strategies. Plants that are well coupled with the atmosphere
respond more easily to changes on the atmospheric conditions so that TL fluctuates in a wider range than
plants that are less coupled with the atmosphere. Therefore, plants that have lower assimilation rates
and are well coupled have a wider range of optimal temperatures so that the lower assimilation rates
and wider TL fluctuations are compensated by a wider range of semi-optimal conditions. In contrast,
the ones with higher assimilation rates and less coupled with the atmosphere present a narrower range
of optimal temperatures.

Briefly, lt, VCMAX,25 and, to some extent, g1 are key for both assimilation rates and thermoregulation
capacities, mainly via the regulation of stomatal and boundary layer conductances. With focus on
mid-to-high latitudes, while VCMAX,25 has no large influence on the maximum temperature reached by
plants under warm conditions, it is key on their thermoregulation capacity under normal conditions
(Figure 1). Moreover, over this region, g1 has no effect on assimilation rates, which are completely
dominated by VCMAX,25. Finally, the traits β, αPAR and αNIR seem to play secondary roles for all four
metrics analyzed here and they will therefore not be further discussed.

It is important to acknowledge that the results of this analysis might slightly change if other
growing conditions were to be used. However, this potential limitation is mitigated by the method
employed to split the 100 combinations of traits between Group 1 and Group 2 (Section 2.3.2),
which identifies suitable threshold irrespective of the model outputs. As such, similar conclusions
on the relevance of the different traits would be drawn when considering other realistic growing
conditions. A further aspect not accounted for here is thermal acclimation. Hence, assimilation rates
and thermoregulation capacities and how they are influenced by the analyzed traits might change along
with growth temperature, even in existing leaves, at scales of few days to weeks [1,63]. This might
represent a limitation when comparing species exposed to contrasting growing conditions and/or with
different acclimation capability. However, this analysis still provides key information by identifying the
most dominant traits, their inter-relation and the potential mechanisms that explain plant responses.
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4.2. Role of Growing Conditions: the Timing of Precipitatio Affects the Risk of Thermal Damage

In combination with its inherent traits, plant CO2 assimilation and the risk of thermal damage are
also determined by the environmental conditions. The contrasting weather conditions of the growing
seasons 2005 and 2006 showed how the same combinations of traits led to different values for the
four metrics. While no substantial differences were found in terms of maximum net CO2 assimilation
rate, Anet,max, and the range of high photosynthesis, ΔT90, substantial differences emerged in terms of
maximum temperature, TL,max and cumulated net CO2 assimilation, Anet,cum (Figure 2). Specifically,
despite the lower mean air temperature and higher precipitation of 2005 over 2006, warm periods were
more damaging in the growing season 2005 than 2006 regardless of the combination of traits (Figure 2).
This difference can be ascribed to the timing of rainfall events: in 2005, the longest dry spell occurred
during the warmest days, while this was not the case in 2006. As a result, in 2006, plants with sets of
traits that reached thermal damage under growing conditions of 2005 could cope with similar or higher
air temperatures and even benefit from these slightly warmer conditions, as photosynthetic capacity
was enhanced and water was available for evaporative cooling to stave off the risk of thermal damage.

This result also emerges when exploring in more detail the combined effect of temperature and
water availability as part of the future scenario analyses. While leaf temperature, TL, was sensitive to
soil water potential, Ψs, under warm conditions (Figure 4, top row), TL did not show any substantial
change with Ψs under normal ones (Figure 3, top row). Moreover, higher air temperature enhances soil
water depletion but only under warm conditions (Figure 5, top row). These conclusions are not affected
by the length of the growing season, which was held constant, since the aim is to identify differences in
assimilation rates and leaf temperatures for different trait combinations but given the same abiotic
conditions. The results highlight the relevance of the timing of high temperature and lower water
availability and the importance of considering these events in conjunction [65–68]. The joint effects
of high temperatures and low water availability are expected to become even more important in the
future since high temperatures and water deficiency during the growing season are likely to become
more frequent in boreal regions [69]. Hence, there will be a likely increase in the probability that boreal
forests will need to cope with more severe combination of heat waves and droughts [15].

4.3. Interactions of Traits and Growing Conditions: Most Suitable Traits for Enhanced CO2 Assimilation and
Reduced Risk of Thermal Damage Under Current and Future Climates

Within the general pattern discussed above, specific trait sets can reduce or enhance thermal risks
in specific climatic conditions. Therefore, attempts to identify the set of traits that could maximize
productivity while preventing thermal damage under current and future conditions necessarily require
the joint analysis of traits and specific growing conditions. Thus, we tested four combination of traits
that presented contrasting assimilation and thermal responses during the 2005 growing season—a
normal season at the reference site—and analyzed their response under multiple scenarios of future
climatic conditions. The values for each trait within each combination are restricted to those observed
in boreal tree species—in line with our focus on boreal forests—to account for the fact that trait values
per se are related to climatic conditions. For example, global VCMAX,25 distribution has been recently
proved to be mainly explained by climate [70].

As discussed in Section 4.2, the combination of low water availability and heat stress causes a
disproportionate damage compared to each stress component occurring in isolation [65,66,71–73]. Due to
the compound effect of low water availability and high temperatures,the focus of the multi-scenarios
assessment was on these abiotic stressors, holding constant (i.e., as observed in 2005) the other climatic
variables (chiefly, relative humidity, wind speed and atmospheric CO2 concentration). Nevertheless,
reduced wind speed may lead to a further decoupling of leaf and air temperature, with potentially high
and damaging temperatures in sunlit leaves. Declines of long-term wind speed (stilling) have been
reported in both hemispheres [74,75]. Therefore, all else being equal, even higher leaf temperatures,
TL, are to be expected as the result of the reduced cooling due to stilling, in particular for leaves with
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large effective leaf thickness lt. Similarly, the stomatal closure potentially caused by enhanced CO2

concentration may further increase TL.
Our model results clearly show that, during the warmest period of the growing season, future

warmer and drier conditions may cause reductions in net CO2 assimilation Anet regardless of plant
traits (Figure 4 bottom row). Conversely, during periods with lower air temperatures, warming
temperatures might be still beneficial (Figure 3 bottom row). However, the analysis of temperature
data over the period 1996–2006 (upper row histogram in Figure 3) shows that, for the site of reference,
higher temperatures were either not beneficial for productivity or even harmful in 75% to 93% of
the days of the growing season depending on the trait combination. Similarly, future warmer and
drier conditions may substantially increase the risk of thermal damage regardless of the plant traits.
Nonetheless, how damaging these new conditions are depends on the trait set (Figure 4, upper row).

The GSA clearly shows that high photosynthetic capacity (i.e., high maximum carboxylation
rate, VCMAX,25) is needed to ensure high Anet; small lt is the key trait to prevent thermal damage.
Under the growing conditions of 2005, enhancement of cumulated net CO2 assimilation Anet,cum

emerges when VCMAX,25 increases, as apparent when comparing the Anet,cum for combination 1 (Low
Productivity-High Risk; LP-HR) and combination 4 (Low Productivity-Low Risk, LP-LR) against
combinations 2 (High Productivity-Low Risk; HP-LR) and 3 (High Productivity-High Risk; HP-HR)
(Table 2). Indeed, under standard conditions, the combination with the highest VCMAX,25 (combination
3; HP-HR) showed the highest Anet (Figure 3 bottom row). However, this enhancement does not
hold under warm conditions: in this case, assimilation rate is also limited by leaf temperature as the
optimal temperature for photosynthesis is exceeded (Figure 4 bottom row). Temperatures above this
threshold might constrain assimilation rates to the extent that plants with high VCMAX,25 can show
lower assimilation rates than plants with lower VCMAX,25, as apparent by comparing combination 4
(LP-LR) versus combination 3 (HP-HR) under the warmest conditions within the growing season.
This pattern is also partly due to the sensitivity to temperature of VCMAX increasing with VCMAX,25.
Moreover, lower VCMAX,25 was also associated with broader the range of high photosynthesis ΔT90,
i.e., a broader range of conditions that allow high assimilation rates. In fact, only those plants with
the ability to be well-coupled with the atmosphere (i.e., low lt) can keep high assimilation rates as
shown by combination 2 (HP-LR) and, to a lower extent, combination 4 (LP-LR) (Figure 4 bottom row),
even though the former has substantially higher assimilation rates and lower TL than the latter.

Nonetheless, combination 3 (HP-HR), which has high lt, was the one with the highest Anet,cum

within the growing season 2005. This is because, up to air temperature TA around 18 ◦C, combination
3 (HP-HR) shows the highest Anet (Figure 3 bottom row). Based on the observed TA at midday in the
reference site during the growing seasons in 1996-2016, TA was lower than 18 ◦C in the 70.3% of days,
making combination 3 (HP-HR) the most appealing one in terms of overall productivity. However,
this combination can also lead to thermal damage (i.e., TL exceeding the critical temperature for leaf
damage, TCRIT; Section 2.3.2) for TA ≥26 ◦C, particularly under limited water availability (Figure 4
top row). The maximum TA at midday reported in the reference site exceeded this value in half the
years between 1996 and 2016 (Figure 4, top left). Therefore, high lt might be beneficial for assimilation
over the growing season at the expense of increasing the likelihood of thermal damage, particularly
under water stress. Indeed, across all plant types, leaf size is distributed geographically according
to a combination of the mean temperature of the warmest month of the year and the mean annual
precipitation: higher mean temperature in the warmest month and lower mean annual precipitation
correspond to smaller leaf sizes [76]. Thus, the selection of lt is not straightforward since it might
represent a trade-off between productivity and prevention of thermal damage. The net result depends
largely on the climatic conditions.

As explained in the Methods, the trait combinations were generated randomly because this study
aimed to identify the role of each trait when combined with other traits and under specific growing
conditions. Thus, the trait combinations do not to represent specific species. However, the combination
of traits that leads to the highest thermal damage risk and/or is more likely to experience sub-optimal
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conditions for assimilation can be used to speculate which species are likely to be more vulnerable
to future growing conditions. For example, Pinus sylvestris L. and Picea abies L.—the two dominant
species in Northern Europe - have small and rounded needle leaves (i.e., low effective leaf thickness lt)
in common but Pinus sylvestris L. usually exhibits higher photosynthetic capacity (i.e., higher VCMAX,25)
than Picea abies L. e.g., [77]. Although our results are not aimed to be representative of specific boreal
species, Pinus sylvestris L. can be considered similar to combinations 2 (HP-LR) and Picea abies L.
to combination 4 (LP-LR). As such, based on our conclusions, one could expect Picea abies L. to be
more vulnerable to warming climates than Pinus sylvestris L., even suffering thermal damage under
current conditions. Indeed, negative effects of warming on Picea abies L. species have been already
reported [78], while Pinus sylvestris L. appears less sensitive to warming [79,80].

5. Conclusions

Understanding how specific plant traits, and combination of traits, prevent or enhance heat stress
and C uptake is vital to predict how projected increases in frequency of heat waves and droughts in
future climate may affect boreal forests. To disentangle the role of plant traits on thermoregulation and
C uptake, we focused on six traits: the maximum carboxylation rate, two parameters that regulate the
stomatal conductance and its sensibility to water stress, the effective leaf thickness and the PAR and
NIR albedos. Four performance metrics related to leaf temperature and assimilation were evaluated,
with a focus on the growing season.

Among the analyzed traits, photosynthetic capacity (as represented by maximum carboxylation
rate at 25 °C, VCMAX,25) and the effective leaf thickness, lt, were the dominant ones regarding both
thermoregulation and assimilation. Higher values of VCMAX,25 are needed to enhance assimilation
under current and future conditions. To prevent thermal damage, high VCMAX,25 should be combined
with low lt. However, the selection between low or high lt is not straightforward since lt seems to
represent a trade-off between thermal damage prevention and productivity.

Moreover, the climate change scenario analyses highlighted that the projected joint changes in
temperature and water availability needs to be considered in our prognosis of future boreal forest
wellbeing, because combination of traits that prevent thermal damage under current growing conditions
will not be able to limit the occurrence of thermal damage under warmer and/or drier conditions.
Likewise, substantial differences were observed when considering currently normal versus warm
conditions within the same growing season. This suggests that trait selection should not only rely
on the overall productivity over the whole growing season but should also consider specifically the
warmest period.

Further analyses exploiting databases of traits and how they are distributed geographically and
regional projections of growing conditions, combined with the understanding of the role played
by plant traits provided by our results, can support the identification of species and regions most
vulnerable to climate change, where appropriate forest management should be focused.
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Abstract: Most of our knowledge about forest responses to global environmental changes is based
on experiments with seedlings/saplings grown in artificially controlled conditions. We do not know
whether this knowledge will allow us to upscale to larger and mature trees growing in situ. In the
present study, we used elevation as a proxy of various environmental factors, to examine whether
there are ontogenetic differences in carbon and nutrient allocation of two major treeline species (Pinus
cembra L. and Larix decidua Mill.) along elevational gradients (i.e., environmental gradient) in the
Swiss alpine treeline ecotone (~300 m interval). Young and adult trees grown at the same elevation
had similar levels of non-structural carbohydrates (NSCs), total nitrogen (TN), and phosphorus (TP),
except for August leaf sugars and August leaf TP in P. cembra at the treeline. We did not detect any
interaction between tree age and elevation on tissue concentration of NSCs, TN, and TP across leaf,
shoot, and root tissues for both species, indicating that saplings and mature trees did not differ in their
carbon and nutrient responses to elevation (i.e., no ontogenetic differences). With respect to carbon
and nutrient allocation strategies, our results show that young and adult trees of both deciduous
and evergreen tree species respond similarly to environmental changes, suggesting that knowledge
gained from controlled experiments with saplings can be upscaled to adult trees, at least if the light
is not limited. This finding advances our understanding of plants’ adaptation strategies and has
considerable implications for future model-developments.

Keywords: altitude; non-structural carbohydrates; nutrients; ontogeny; Pinus cembra L.;
Larix decidua Mill

1. Introduction

Anthropogenic drivers of global change have been increasingly evident during the last
centuries, which include rising atmospheric concentrations of CO2 and other greenhouse gases
and associated changes in the climate, nitrogen deposition, biotic invasions, and land-use change [1].
These environmental pressures greatly challenge performance and persistence of forest species around
the world, which provide abundant products and services to support human society [2]. Therefore,
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understanding forest responses under global change is of fundamental and practical value for predicting
the potential and limitations of forest productivity, and for defining mitigation and adaptation policies.

In the field, forest trees are often exposed to a myriad of single and combined stresses with
varying strength and duration, the effects of which on plant performance are difficult to predict by
solely manipulative experiments. For example, a meta-analysis covering 1634 plant species spanning
four continents indicated that warming experiments (average experimental duration of 3.8 years)
strongly underestimated advances in flowering and leafing, compared to long-term observations
(average duration of 31.0 years) [3]. On the other hand, stress sensitivity, tolerance, and resistance
of forest species vary with ontogenetic stage, making it challenging to analyze or identify the key
environmental stressors driving plant performance throughout their life histories. Compared to adult
trees, early life stages (e.g., seedlings or saplings) of trees are more sensitive to environmental variation
or stress [4]. Numerous studies have reported wide ontogenetic variations in carbon assimilation and
allocation [5,6], differing resource use strategies [7–9] and stress tolerances [4,10]. For example, Bansal
and Germino [11] found that needles in transplanted saplings of two evergreen conifers, Abies lasiocarpa
(Hook.) Nutt. and Pseudotsuga menziesii (Mirb.) Franco, had higher soluble sugar content than
established adults at timberline in the Rocky Mountains during late seasons. Hence, to predict the
responses of tree species to climate change, disentangling ontogenetic variations along synthesized
environmental gradients is indispensable for a more profound understanding of differing adaptation
and acclimation strategies between different life stages.

Among environmental gradients, increasing elevation is characterized by decreasing temperature
interacting with other factors, such as soil water content, precipitation, season length, atmospheric
pressure, and nutrient availability [12,13], and offer a natural laboratory to predict vegetation dynamics
under climate change in recent decades [13–16]. To our knowledge, however, only a few studies have
investigated the discrepancies between seedlings (saplings or juveniles) and adult trees along field
environmental gradients, elevation transects, respectively. Among these are studies on A. lasiocarpa
and P. menziesii [11], A. faxoniana Rehder & E.H.Wilson [17], and Picea crassifolia Kom. [18] and they
generally found differing performances between seedlings and adults. Nevertheless, they are mostly
restricted to the leaf level, while a whole-tree approach would be more appropriate to properly address
the discrepancies between various life stages along environmental gradients. Furthermore, apart from
ontogenetic differences for the same species, evergreen vs. deciduous tree species may vary in their
response to environmental gradients in terms of carbon balance. So far, most studies have found
higher non-structural carbohydrate concentrations (NSC) in deciduous compared to evergreen tree
species [19–21]. However, whether this holds true when integrating ontogenetic variance is still unclear
because different plant responses between life stages to climate warming have been found by other
studies [22–24].

Pinus cembra L. (evergreen) and Larix decidua Mill. (deciduous) are two co-occurring treeline
species growing in the Swiss Alps. In the present study, we aimed to answer the questions of whether
the responses of carbon and nutrient allocation to environmental changes (i.e., using elevation as a
proxy for changes in environmental factors) vary with ontogenetic stages of trees, and with leaf habits
(evergreen vs. deciduous). We hypothesize that different life stages of both deciduous and evergreen
trees lead differing carbon and nutrient allocation responses to elevational changes, because seedlings
and saplings may be more sensitive to environmental changes than adult trees [4,25,26]. Our study
could provide field data that reveal ontogenetic variation in response to environmental gradients and
fill the gap where most predictions are restricted to manipulative experiments with young trees in
early life stages.
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2. Materials and Methods

2.1. Description of Sites and Species

Our study was conducted on Pinus cembra and Larix decidua, two native treeline species growing
in the Swiss Alps. One transect was established within the alpine treeline ecotone in Chandolin,
LaTzoumaz, Moosalp, and Sievz, respectively, in southern Switzerland (Figure 1, Table S1). In each
transect, four sampling plots (n = 4) were designed at the alpine treeline (H) and the timberline (L) with
~300 m elevational difference between H and L, respectively (Table S1). The two species were selected
because they have different leaf habits (evergreen vs. summergreen) and they co-exist in the Swiss
alpine treeline ecotone. The four transects were selected for the present study because where every
individual of both adult trees and saplings of the two species co-occurred is isolated, and thus no light
effects on any individual sampled need to be considered. Each transect has a relatively homogeneous
gentle slope (~30◦) from the timberline to the alpine treeline, and hence, we can assume that the growth
condition including temperature, water availability, and soil chemical and physical properties changes
gradually with increasing elevation. This means that the present study uses elevation as a proxy for
the whole of all growth-related factors, to study the ontogenetic responses of C-, N-, and P-allocation
to combined environmental changes rather than to changes in any single factor.

Figure 1. Locations of the sampled sites (T1: Chandolin, T2: La Toumaz, T3: Moosalp, and T4: Sievz)
in the southern Swiss Alps.
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2.2. Sampling Protocol

In each plot (mixed stand for the two targeted species), two age classes (saplings of <1.5 m in
height, and adult trees of >5 m in height) per species were selected in the mid- and late-growing season
(20 August and 17 October 2014) (Tables S1 and S2). Twice samplings accounted for seasonal transition
which could bring variations in NSCs or nutrient status in tree species [25,27,28]; and the sampling
dates selected were the time when the phenological difference among populations or individuals along
elevational gradients is negligible [29–31]. For each age class, 3~5 isolated individuals with no signs of
browsing or other damage were selected, with a minimum distance of 10 m from each other. The height
(m) and diameter (cm) (10 cm aboveground diameter for saplings, and diameter at breast height for
adults) of sampled individuals were carefully recorded. The individuals from the same age class from
the same plot were mixed as one replicate and we had thus four replicates in total for each age class
and each species.

From each targeted individual, we cut three or four upper and outermost sun-exposed branches.
From these branches, current-year needles (~50 g) and shoots (~50 g) were collected. Fine roots (<5 mm
in diameter, without bark) (~50 g) attached to coarse roots of each sample tree were manually excavated
using a mini-spade and carefully collected. All samples were stored in a cool box for transportation
after bagging and labeling. All samples were heated in a microwave oven at 600 W for 60 s to minimize
the enzymic and physiological activity to reduce the respiration carbon loss of tissues [32,33] and then
dried at 65 ◦C for 72 h and ground to pass a 0.15 mm sieve for further analyses.

2.3. Plant Analysis

2.3.1. Non-Structural Carbohydrates

The powdered material (~0.1 g) was put into a 10 ml centrifuge tube, where 5 mL of 80% ethanol
was added. The mixture was incubated at 80 ◦C in a water bath shaker for 30 min, and then centrifuged
at 4000 rpm for 5 min. The pellets were extracted two more times with 80% ethanol. Supernatants were
retained, combined and stored at−20 ◦C for soluble sugar determinations. The ethanol-insoluble pellets
were used for starch extraction. Glucose was used as a standard. Soluble sugars were determined using
the anthrone method [34]. The starch concentration was measured spectrophotometrically at 620 nm
using anthrone reagent and was calculated by multiplying glucose concentrations by the conversion
factor of 0.9 [35]. The concentration of sugars and starch was described on a dry matter basis (% DW),
and NSC was the sum of total soluble sugar and starch, and NSCs include NSC, soluble sugars,
and starch.

2.3.2. Nitrogen and Phosphorus Concentrations

For the determination of tissue nitrogen (N) and phosphorus (P) concentrations (mg g−1 DW), finely
ground material (~50 mg) was first digested with H2SO4 and H2O2 for further analysis. The nitrogen
concentration was then measured applying the Kjeldahl method (Kjeltec 2200, FOSS, Hoganas, Sweden),
while the phosphorus concentration was determined with the molybdenum blue spectrophotometric
procedure (6505 UV spectrophotometer, Essex, UK) [36].

2.3.3. Carbon and Nitrogen Isotopic Abundance

The abundance of stable carbon (δ13C) and nitrogen (δ15N) isotopes in current needles was
determined as described by Gebauer and Schulze [37]. To avoid tissue age-effects on δ13C and δ15N,
we analyzed them in the current-year needles only. Aliquots (1.2~1.5 mg) of ground material were
weighed into tin capsules, and then analyzed in an elemental analyzer (Euro EA; Hekatech GmbH,
Wegberg, Germany) coupled inline with an isotope ratio mass spectrometer (DELTA V Advantage;
Thermo Scientific, Bremen, Germany). The carbon and nitrogen isotopic abundance is expressed
as δ13C and δ15N, respectively, and was calculated as follows: δ ‰ = [(Rsample/Rstandard) − 1) ×
1000], where R is the 13C/12C or the 15N/14N ratio of the sample and the correspondent standard, i.e.,
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Vienna Pee Dee Belemnite for C and atmospheric N2 for N. The overall precision of the delta values
was 0.1‰, as determined by repetitive measurements of standard material.

2.4. Statistical Analyses

All statistical analyses were conducted using R statistical software (RStudio 1.1.463 with R version
3.5.2). Shapiro–Wilk and Bartlett’s tests were first used to test for normality and homogeneity of
variances respectively, and all variables met the assumption for further variance analysis. We applied
linear mixed-effects models (R package nlme) with species (P. cembra and L. decidua), tree age (sapling
and adult tree), altitude (timberline and treeline), and season (mid-growing season: August; late-season:
October) as fixed effects and transects as a random effect to account for variances between transects.
The Wilcoxon tests for means were further conducted to analysis differences between fixed factors
(age and altitude) with the ggpubr package. Since we focused on ontogenetic- or species-variations,
or both, of the detected variables along altitudinal gradients, the effects of season transition were not
presented in the following part.

3. Results

The levels of tissue NSCs (with the exception of shoot starch), C:N, and shoot N concentration,
as well as leaf δ13C and δ15N differed significantly between the two species (Tables S2–S3, Figure 2).
Pinus cembra had lower levels of NSCs than Larix decidua, e.g., NSC in leaves, shoots, roots of P. cembra
was 12.12% ± 0.36%, 7.39% ± 0.19% and 5.51% ± 0.21%, but 15.27% ± 0.46%, 8.13% ± 0.29% and
7.04% ± 0.27% in L. decidua, respectively. Tissue C:N ratio in P. cembra was also lower than that in
L. decidua, e.g., C:N in leaves, shoots, roots of P. cembra was 7.78 ± 0.32, 3.69 ± 0.19, 4.41 ± 0.23, but
9.96 ± 0.39, 4.51 ± 0.21, 5.55 ± 0.21 in L. decidua, respectively. Shoot N in L. decidua was 18.60 ± 0.66
mg/g, which was significantly lower than that in P. cembra (21.05 ± 0.74 mg/g) (F = 7.50, p < 0.01).
With very few exceptions (e.g., August leaf sugars and TP, and October leaf C:N in P. cembra at the
treeline), tree age did not influence tissue NSCs (Figure 2), total N and P (Figure 3), leaf δ13C and δ15N
values (Figure 4), and C:N and N:P ratios (Figure 5) within each species at the same elevation. Most
importantly, there were no interactions between age and altitude on concentrations of tissue NSCs
(soluble sugars, starch, and NSC), nutrients (TN, TP), and the stoichiometric ratios (C:N and N:P), as
well as on leaf δ13C values (Tables S2–S3), with the exception of leaf δ15N (F = 5.01, p = 0.030). For
saplings, leaf δ15N increased from −2.22‰ ± 0.31‰ (timberline) to 0.34‰ ± 0.52‰ (treeline) when
combining both species (p< 0.001); for adult individuals, leaf δ15N also increased from−1.57‰± 0.31‰
(timberline) to −0.22‰ ± 0.49‰ (treeline) (p < 0.01) (Figure 4). Here, the interaction occurred due to
different magnitudes of increasing leaf δ15N from timber to treeline between the age classes.

Only leaf δ15N (F = 13.31, p < 0.001), root TN (F = 13.28, p < 0.01), and root C:N (F = 6.21, p < 0.05)
were affected by species × altitude (Tables S2–S3). For L. decidua, leaf δ15N was −1.25‰ ± 0.27‰
(timberline) and 1.69‰ ± 0.29‰ (treeline) (p < 0.001, Table S5), while for P. cembra, leaf δ15N was
−2.54‰ ± 0.28‰ (timberline) and −1.58‰ ± 0.28‰ (treeline) (p < 0.05, Table S4) (Figure 4). Similarly,
this interaction seems to be caused by different magnitudes of increasing leaf δ15N from timberline
to treeline between the two species studied (Figure 4). However, root TN of the two species showed
opposite trends along elevational transects: for L. decidua, root N increased from 11.71 ± 0.60 mg g−1

at timberline to 14.75 ± 1.12 mg g−1 (p < 0.01) at the alpine treeline, whereas, for P. cembra, root
TN decreased from 14.07 ± 0.78 mg g−1 at timberline to 11.93 ± 0.48 mg g−1 (p < 0.05) at the alpine
treeline. Consequently, root C:N in L. decidua slightly decreased from 5.70 ± 0.26 at the timberline to
5.40 ± 0.33 (p > 0.05) at the treeline, while for P. cembra, root C:N increased from 3.86 ± 0.31 (timberline)
to 4.96 ± 0.28 (treeline) (p < 0.05) (Figure 5).

219



Forests 2019, 10, 394

  
(a) (b) (c) 

Figure 2. Non-structural carbohydrate concentration (% DW) (a), soluble sugar (% DW) (b), and starch
(% DW) (c) (mean ± SE, n = 4) of different species (Pinus cembra L. and Larix decidua Mill.), age (sapling
and adult tree), altitude (L for timberline and H for treeline), season (Aug for mid-growing season
and October for late season) and tissues (current-year leaf, shoot, and fine root). Asterisks or “ns” at
the bottom of subplot indicate significant (p < 0.05) or non-significant (p > 0.05) differences between
saplings and adults within the same altitude and season, and the p-value at the top of subplot denote
significance level by the Wilcoxon’s mean test between L and H. The red points in the subplot denote
mean value and grey point for outlier.

 

(a) (b) 

Figure 3. Total nitrogen (TN) (a) and phosphorus (TP) (b) concentrations (mg/g DW) (mean ± SE,
n = 4) of different species (Pinus cembra L. and Larix decidua Mill.), age (sapling and adult trees), altitude
(L for timberline and H for treeline), season (August for mid-growing season and October for late
season), and tissues (current-year leaf, shoot, and fine root). Asterisks or “ns” at the bottom of subplot
indicate significant (p < 0.05) or non-significant (p > 0.05) differences between saplings and adults
within the same altitude and season, and the p-value at the top of subplot denote significance level by
the Wilcoxon’s mean test between L and H.
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Figure 4. Leaf stable isotopes (δ13C‰; δ15N‰) (mean ± SE, n = 4) of different species (Pinus cembra
L. and Larix decidua Mill.), age (sapling and adult tree), altitude (L for timberline and H for treeline),
season (August for mid-growing season and October for late season). Asterisks or “ns” at the bottom
of subplot indicate significant (p < 0.05) or non-significant (p > 0.05) differences between saplings and
adults within the same altitude and season, and the p-value at the top of subplot denote significance
level by the Wilcoxon’s mean test between L and H.

 

(a) (b) 

Figure 5. The ratio of N to P (a) and the ratio of C to N (b) (mean ± SE, n = 4) across tissues of the two
species (Pinus cembra L. and Larix decidua Mill.), age (sapling and adult trees), altitude (L for timberline
and H for treeline), season (August for mid-growing season and October for late season) and tissues
(current-year leaf, shoot, and fine root). Asterisks or “ns” at the bottom of subplot indicate significant
(p < 0.05) or non-significant (p > 0.05) differences between saplings and adults within the same altitude
and season, and the p-value at the top of subplot denote significance level by the Wilcoxon’s mean test
between L and H.
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4. Discussion

We found that there was no interaction between age and elevation on tissue NSCs (except for leaf
sugars for the two species and leaf NSC for L. decidua) and nutrients (TN, TP) for both P. cembra and
L. decidua (Tables S4 and S5). These findings suggest that saplings and adults respond consistently to
combined environmental changes in terms of carbon and nutrient allocation, which does not support
our hypothesis of different life stages leading to differing carbon and nutrient allocation responses
along elevational changes. Niinemets [4] presented a comprehensive review which emphasized that
forest trees’ physiological responses to key environmental stressors and their combinations varied
throughout ontogeny. The discrepancy between this review and our results may be attributed to
the fact that most reviewed studies came from closed forests, where sapling and adults, due to their
different ecological niches in a community, are subjected to different light, water, and temperature
and nutrient regimes [38]. For elevation-driven changes in plant nutrients, Mayor et al. [39] found
that declining temperatures with increasing elevation did not affect tree leaf nutrient concentrations,
implying an adaptation strategy of trees growing in a harsh environment. Deciduous species tend to
store N in the wood and bark of roots [30], while evergreen species store N in the youngest age class of
foliage [40,41].

We found no age effects on leaf δ15N for both species grown at a given altitude (timberline or
treeline) (Tables S4 and S5, Figure 4), which indicates no distinct differences in nitrogen uptake and
metabolism between two life stages for both species. This finding is consistent with Pardo et al. [42].
Our study found also that tree age did not affect tissue N concentration for both species (Tables S4
and S5), except for a significant age effect on leaf N in P. cembra (Figure S4). Previous studies [43,44],
have suggested that differences in N uptake and metabolism with ontogenetic stage occur in some
species and environmental conditions but not in others. Nevertheless, leaf N in both species showed
an increasing trend with altitude from timberline to treeline, which corresponds with the findings from
Körner [12]. There have been two main explanations for such altitudinal trends in plant N: firstly,
low temperature and short growing season at higher altitude reduce growth and might consequently
have an effect on leaf N contents [12]. Another cause might be the high N supply from atmospheric N
deposition, due to winter snow accumulation, at the treeline [12,45] leading to higher N availability
and consequently higher N uptake with increasing elevation.

Similar to leaf N content, leaf δ15N was lower at the timberline than at the treeline for both species.
The positive correlation between leaf N and leaf δ15N was confirmed by previous studies [46–49], where
leaf N was considered an index for soil N availability [50,51]. The increasing trend in leaf δ15N along
altitude in the present study was in line with results reported by [48] (above 1,350 m), but in contrast to
other studies. For example, leaf δ15N exhibited a decreasing trend with altitude in plants collected from
the Kathmandu valley in Nepal [52] and from Mt. Schrankogel in Austria [53], but differences might
be attributed to variations in soil 15N and its drivers. For example, with increasing elevation, organic
forms of N became the dominant source of N taken up by hardwood and coniferous tree species, and
that variation in natural abundance foliar δ15N with elevation was consistent with increasing organic N
uptake [54]. Although we found similar trends along our altitudinal transect, the two species exhibited
significant differences in leaf δ15N, with higher leaf δ15N in L. decidua than in P. cembra (Figure 4) across
ontogeny and elevations. The lower leaf δ15N in P. cembra might be associated with a higher rate
of root colonization with mycorrhizal fungi [55], because mycorrhizal fungi are mainly transferring
15N-depleted ammonium or amino acids to plants [56,57].

Our results showed that no significant ontogenetic differences in non-structural carbohydrates
and nutrients (nitrogen and phosphorus) across leaf, shoot, and root tissues of both species grown
along elevational gradients are present. However, due to the limited number of tree species growing in
the alpine treeline ecotone in the Swiss Alps, we investigated only one deciduous and one evergreen
tree species with four replicates. Further studies are needed to cover more tree species with more
replicates for different life stages in a wider geographical range, to improve our understanding of
ontogenetic effects on tree physiology.
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5. Conclusions

This paper presents, to the best of our knowledge, the first field evidence to elucidate how
different species integrated over different life stages cope with synthetic environmental changes
(altitude) from the perspective of carbon and nutrient allocation strategies. Our results demonstrate
that both deciduous and evergreen trees in their early life stage perform similarly compared to
their adult individuals along an environmental gradient (from the timberline to the alpine treeline).
Our results indicate that most of our knowledge of forest responses, especially shoot and root
responses, to global environmental changes gained from experiments with seedlings/saplings growing
in artificially controlled conditions could, to some extent, upscale to larger and mature trees growing
in situ. This finding advances our understanding of plants’ adaptation strategies and has considerable
implications for future model-developments.
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when significant. df : degrees of freedom. Significant p-values are in bold face, Table S3: LMM results for the
effects of species (Pinus cembra L. and Larix decidua Mill.), altitude (timberline and treeline), tree age (sapling
and adult tree), sampled season (mid-growing season: August; and late-season: October) on the stoichiometric
ratios (C:N and N:P). The interactions were retained in the models only when significant. df : degrees of freedom.
Significant p-values are in bold face, Table S4: LMM results for the effects of altitude (timberline and treeline), tree
age (sapling and adult tree), sampled season (mid-growing season: August; and late-season: October) and their
interactions on NSCs, nutrients and stable isotope over tissues of Pinus cembra L. The interactions were retained
in the models only when significant. df : degrees of freedom. Significant p-values are in bold face, Table S5:
LMM results for the effects of altitude (timberline and treeline), tree age (sapling and adult tree), sampled season
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Abstract: Leaf stable isotope compositions (δ13C and δ15N) are influenced by various abiotic and
biotic factors. Qinghai spruce (Picea crassifolia Kom.) as one of the dominant tree species in Qilian
Mountains plays a key role in the ecological stability of arid region in the northwest of China.
However, our knowledge of the relative importance of multiple factors on leaf δ13C and δ15N remains
incomplete. In this work, we investigated the relationships of δ13C and δ15N to leaf age, tree age and
leaf nutrients to examine the patterns and controls of leaf δ13C and δ15N variation of Picea crassifolia.
Results showed that 13C and 15N of current-year leaves were more enriched than older ones at each
tree age level. There was no significant difference in leaf δ13C values among trees of different ages,
while juvenile trees (<50 years old) were 15N depleted compared to middle-aged trees (50–100 years
old) at each leaf age level except for 1-year-old leaves. Meanwhile, relative importance analysis has
demonstrated that leaf age was one of the most important indicators for leaf δ13C and δ15N. Moreover,
leaf N concentrations played a dominant role in the variations of δ13C and δ15N. Above all, these
results provide valuable information on the eco-physiological responses of P. crassifolia in arid and
semi-arid regions.

Keywords: Leaf δ13C; Leaf δ15N; Growth stage; Environmental factors; Relative importance

1. Introduction

As one of the most powerful tools for studying plant eco-physiology, stable isotope techniques
provide fundamental insights into how plants interact with and respond to biotic or abiotic
environmental factors, helping us to better understand the relationship between plants and their
environment [1–3]. In particular, leaf carbon isotope composition (δ13C), which reflects the balance
between leaf conductance and photosynthetic rate [4], is widely used to analyze intraspecific or
interspecific differences in photosynthetic and physiological characteristics [5,6], to measure the
long-term water use efficiency under different environmental conditions and to reveal significant
functional changes in plant metabolism and adaptation to various environmental stresses [7–9].
In addition, the natural abundance of 15N in leaves or roots has been proposed as an important tracer to
reflect the outcome of different processes affecting δ15N compositions, thereby providing an integrative
measure of terrestrial N processes [10–12].

However, to our knowledge, multiple previous studies have been conducted on large global
or regional-scale variations in plant δ13C or δ15N values, while the understanding of δ13C and δ15N
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patterns on intermediate spatial or temporal scales is rather limited [11,12]. More importantly, variations
of δ13C and δ15N values during different plant development and growth stages (for example, stand age
class, tree age class) have been neglected. Currently, increasing attention has been paid to investigating
the significant variations in stable carbon isotopes among different plant organs, such as leaves, stems,
shoots, roots, or different plant species including C3 and C4 plants [3,13–15]. However, research about
the variations in the natural abundance of 13C and 15N with leaf habit, phenological leaf traits or leaf age
class on intermediate scales remains incomplete [10,13]. For example, a previous study demonstrated
that leaf age was of special interest when exploring isotope fractionation, because younger leaves show
different physiological properties and mechanisms of carbon and nitrogen assimilation compared to
older leaves [13,16]. Likewise, significant variations in the δ15N values with stand age were discussed.
Li et al. [10] reported that leaf δ15N variations at the community, plant growth form and species levels
were significantly reduced with increasing stand age over shorter times and at smaller spatial scales. In
addition, Vitoria et al. [17] demonstrated that there was no significant difference in leaf δ13C and δ15N
values of evergreen and deciduous species within a site. In addition, despite tremendous progress over
the past few decades in investigating what causes variation in plants δ13C and δ15N values, limited
studies have allowed a comprehensive explanation for the relative importance of study variables on
carbon and nitrogen compositions [16,17]. Therefore, it is necessary to conduct further investigation on
the natural abundance of 13C and 15N during different plant growth stages over intermediate spatial or
temporal scales.

Moreover, there are a variety of other abiotic and biotic factors that control leaf δ13C and δ15N
values during plant development and growth [18,19]. For example, leaf δ13C values changed with
leaf habit, morphology, genetics and irradiance [1,16], which may reflect differences in photosynthetic
water use efficiency. Current work has demonstrated that plant δ13C is also influenced by various
environmental factors such as precipitation, humidity, soil moisture, and air temperature [18,19].
Furthermore, leaf functional elements such as nitrogen (N) and phosphorus (P) also play a key role
in δ13C values through their indirect effects on photosynthetic capacity and the synthesis of proteins,
DNA and RNA [20,21]. However, our knowledge on the relative role of these parameters in leaf
δ13C values remains incomplete. Whether and how these established relationships could hold true in
specific biomes remains largely uncertain. This uncertainty is especially true for forests of different
study regions that might display contrasting responses to climate [16]. Additionally, compared to
plant δ13C, the relationship between leaf δ15N and those mentioned factors has received less attention.
Earlier studies have focused on the spatial or seasonal variation in plant δ15N values along a specific
factor gradient, but did not consider the relative importance of those variables in the variations of δ15N
values [11,12]. Thus, for detailed knowledge, additional empirical studies are required to address
the relative effect of biotic or abiotic factors in the variations of δ13C and δ15N values at specific
biome levels.

Qinghai spruce (Picea crassifolia Kom.) as a common coniferous evergreen species is widely
distributed at altitudes ranging from 2300 to 3300 m in the subalpine and alpine environments of
Qilian Mountains in the Northern China, in which the availability of water, nutrients and temperature
is crucial for determining plant performance, abundance and distribution. It exhibits a wide tolerance
to different environmental conditions and has significant ecological function in northwest China.
However, limited studies have been conducted on temporal and spatial variations in the stable carbon
and nitrogen isotope compositions in different aged leaves and trees of P. crassifolia. Therefore, it is
necessary to fully understand the effects of the variables mentioned above on the δ13C and δ15N values
of P. crassifolia.

We hypothesized that the δ13C and δ15N values of P. crassifolia would change with leaf age and
tree age to adapt to the growth stage needs. In addition, environmental variables could contribute to
the growth and eco-physiology of P. crassifolia. The main objectives of this study were (i) to quantify
the variation in P. crassifolia leaf δ13C and δ15N values along the leaf age and tree age gradients and
provide evidence of the physiological mechanisms underlying the variations in the δ13C and δ15N
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values; (ii) to investigate the relationship between leaf δ13C, leaf δ15N and leaf nutrients; and (iii) to
explain the relative role of leaf physiological properties and leaf nutrients in the variations of δ13C
and δ15N.

2. Materials and methods

2.1. Site Description

The research was conducted in the Shuang Longgou region (longitude 102◦17′18"–102◦33′42" E;
latitude 37◦18′12"–37◦25′18" N) located northwest of Tianzhu County at the eastern margin of the
Qilian Mountains (Figure 1). The climate is generally characterized as a semiarid continental climate
with water availability being the major abiotic factor-limiting plant growth. Mean annual precipitation
is less than 400 mm and mean annual air temperature in this temperate location is approximately
1.5 ◦C, respectively. Moreover, the dominant forest species in this study area is P. crassifolia, which
grows naturally with no manual management, and Juniperus przewalskii Kom., Betula albo-sinensis Burk.
and Populus davidiana Dode are the second minor contributors to the shady understory. Additionally,
the shrub species are mainly dominated by Salix cupularis, Rhododendron simsii Planch., Caragana jubata
(Pall.) Poir. and Spiraea alpine Pall.

Figure 1. Geographic location of the collection sites (slg-2, slg-3, slg-4) of Picea crassifolia located in
Shuanglonggou region.

2.2. Sample Collection

In 2015, P. crassifolia forests were selected from sites with similar conditions, such as topography,
the composition of the undergrowth vegetation and stand age. Three plots (slg-2, slg-3, and slg-4
are shown in Figure 1) ranging from 2824 to 2914 m were established for study. Table 1 provides the
general information related to the sampling sites. For each sampling plot, trees were divided into
four/five groups according to the classes of diameter at breast height. Subsequently, there were five
breast-height diameter classes determined and three to five trees with similar diameter in each group
were chosen as the samples. The sampled P. crassifolia leaves developed in full light of an open canopy
and were carried out from the upper third portion of the tree crown.

Moreover, considering the variation caused by differences in leaf nutrient contents at different
orientations of the shoots, only leaves with a healthy appearance (avoiding damaged leaves) were
cut with a pole pruner, and sampling was carried out from different orientations as much as possible.
Overall, 4 years’ leaves (from current year and up to 3 years-old) of each sampled tree were collected
in our study. There was a clear joint on the branch between growing seasons, which aided in the
determination of leaf age. We defined leaf age as 0 for the needles from the current, and then the next
group was year 1 (the previous year+1) and so on. Thus, leaves aged 0–3 years were detached from the
twigs before sending the samples to the laboratory for analysis. Additionally, for the estimation of tree
age, tree-ring cores of selected P. crassifolia trees were collected at tree breast height (approximately
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1.3 m above the surface) using an increment borer. Actual tree ages of sample cores were determined
using dendrochronological methods [22].

Table 1. Site information for four sampling quadrats.

Site code Elevation (m) Slope aspect Latitude Longitude MH (m) M-dbh (cm)

slg-2 2824 NW 37◦23´17.79" N 102◦30´39.47" E 10.77 27.73
slg-3 2914 NE 37◦23´02.92" N 102◦30´48.26" E 6.53 17.09
slg-4 2828 NW 37◦23´12.79" N 102◦30´44.58" E 6.84 16.86

MH is mean tree height and M-dbh is mean diameter at breast height.

2.3. Stable Carbon and Nitrogen Isotope Analyses

The samples were washed in distilled water to remove dust particles, air dried before oven drying
at 65 ◦C for 12 h and at 110 ◦C for 10 min to deactivate the enzymes, ground into a homogeneous fine
powder, and sieved in the laboratory. A stable carbon and nitrogen analysis was performed in the
Environmental Stable Isotope Laboratory, Institute of Environment and Sustainable Development in
Agriculture, No.12, Zhongguancun South Street, Haidian District, Beijing 100081, China.

The isotopic compositions of the leaf samples were measured on an Isoprime100-EA mass
spectrometer (Germany). The carbon or nitrogen isotope ratios are expressed relative to an international
standard using the delta notation:

δsample = (Rsample − Rstandard)/Rstandard. (1)

where δsample was defined by this relationship, Rsample indicated the 13C/12C or 15N/14N ratio of the
sample, and Rstandard indicated the 13C/12C or 15N/14N ratio of the standard. The international standard
reference for carbon was PDB (Pee Dee Belemnite), and for nitrogen, it was an average of 15N/14N from
atmospheric air [23].

2.4. Statistical Analysis

We analyzed the dataset by subdividing them into four groups based on leaf age (current year
leaves, 1-year-old leaves, 2-year-old leaves, and 3-year-old leaves) and tree age (<50-year-old, 51 to
100-year-old, 101 to 150-year-old, and >150-year old), respectively. For leaf δ13C and δ15N values of
different leaf ages and tree ages, the mean, median, standard error, and coefficient of variation (CV)
were calculated, respectively. Here, the analysis was the leaf age–tree age combination. We first used
two-way analysis of variance and Tukey’s post hoc test to compare differences of leaf δ13C and δ15N
values between leaf ages and tree ages. Next, the regression analysis was applied to investigate the
relationship between leaf δ13C, leaf δ15N and leaf nutrients (leaf N, P concentrations and the C:N
ratios). Furthermore, we calculated the relative importance (refers to the quantification of an individual
regressor’s contribution to a multiple regression model) of each predictor on leaf δ13C and δ15N with
the R package relaimpo [24].

The R package relaimpo demonstrates six different metrics for assessing the relative importance of
regressors (all regressors are uncorrelated) in the model [24]. Each predictor’s contribution is just the
R2 from univariate regression, and all univariate R2-values add up to the full model R2. R2 represents
the proportion of variation in y that is explained by the p regressors in the model. Correlation analysis
was conducted using the SPSS 22.0 [25] and R 3.2.4 [26].

3. Results

3.1. Variations of P. crassifolia Leaf δ13C and δ15N Values with Leaf and Tree Ages

Changes of leaf δ13C and δ15N in relation to leaf age and tree age are shown in Figures 2 and 3.
All leaf δ13C values varied from −28.22‰ to −24.09‰, with a mean of −26.76‰ and a variance of
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3.39%. The average carbon isotopic values from current year to 3-year-old leaves were −25.54‰,
−27.15‰, −27.24‰ and −27.07‰, respectively (Figure 2A). The δ13C was significantly more enriched
in current year leaves than others at each tree age level (p < 0.01, Figure 3A), while no differences
were observed among other older leaves. Meanwhile, at each leaf age level, the δ13C value of mature
trees (>150 years old) was lower than that of other aged trees (Figure 2A), but the difference was not
significant (Figure 3A).

The mean leaf δ15N of all samples was −5.91‰, with a range of −8.7‰ to −2.89‰ and a variance
of 16.80%. The average nitrogen isotopic values from current year to 3-year-old leaves were −4.86‰,
−6.00‰, −6.15‰ and −6.55‰, respectively (Figure 2B). Leaf δ15N showed substantial variability
among leaf ages and tree ages. Older leaves were more depleted in 15N than current year leaves at each
tree age level (Figure 3B). Moreover, there was a significant difference in δ15N between middle-aged
trees (50–100) and juvenile trees (<50) except for 1-year-old leaves (p < 0.05).

Figure 2. Box and scatter plots showing that the spatial patterns and variations of the δ13C (A) and
δ15N (B) values changed with differently aged leaves and trees of P. crassifolia. Leaf ages including
current year to 3-year-old leaves were represented by cy, 1y, 2y, and 3y, respectively.

Figure 3. Differences in leaf δ13C (A) and δ15N (B) between 4 years’ leaves collected along different tree
age levels. The value was Mean± SE (standard error). Different uppercase letters represent significant
differences among leaf ages at each tree age level, while different lowercase letters represent significant
differences among tree ages at each leaf age level.
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3.2. Relationship Between Leaf δ13C, δ15N and N, P Concentrations as well as C:N Ratio

For all leaf samples, δ13C was significantly positively correlated with leaf N and P concentrations,
but negatively related to the C/N ratio (p < 0.001, Table 2). However, nutrient patterns did not differ
among leaf ages as the leaf δ13C showed no significant relationship between leaf N, leaf P concentrations
and the C/N ratio except for current-year-old leaves (p > 0.05).

Likewise, leaf δ15N showed significant positive correlation with leaf N and P concentrations but
negative correlation with the C:N ratio in all leaf samples (p < 0.001). When examining the relationship
between these leaf nutrients and δ15N at each leaf age level, a significant positive correlation between
leaf N concentration and δ15N and a negative correlation between the C:N ratio and leaf δ15N were
only observed in current-year-old and 1-year-old leaves, respectively, while there was no significant
relationship between leaf δ15N and P concentrations at each leaf age group.

Table 2. Regression equations for leaf δ13C and δ15N values against leaf N and P concentrations and
the C:N ratios for 4 years’ leaves.

Nutrient
Variables

Leaf Ages
Statistic parameters

R2(δ13C)
Regression
coefficient R2(δ15N)

Regression
coefficient

Leaf N

All leaves 0.4295 *** 4.3035 0.3829 *** 3.6156
Current-year-old 0.0894 −2.0361 0.2335 *** 2.2635

1-year-old 0.0176 −0.6792 0.1249 * 1.3664
2-year-old 0.0007 0.0701 0.0621 0.4335
3-year-old 0.0617 −0.5253 0.0006 −0.0327

Leaf P

All leaves 0.4259 *** 0.7824 0.2641 *** 0.5462
Current-year-old 0.0836 −0.5255 0.0023 0.0604

1-year-old 0.0127 0.0444 0.0262 0.0477
2-year-old 0.0319 0.0491 0.0015 0.0073
3-year-old 0.0029 0.0144 0.0741 -0.0473

C:N

All leaves 0.3848 *** −19.373 0.3597 *** −0.0216
Current-year-old 0.1768 * 5.008 0.2629 *** −4.2006

1-year-old 0.0027 1.7585 0.2446 *** −12.641
2-year-old 0.0198 −4.9676 0.0597 −5.8591
3-year-old 0.0131 3.1193 0.0108 −1.8541

Note: *** p < 0.001,* p < 0.05.

3.3. Relative Importance of Leaf Age, Tree Age, Tree Height as well as Leaf Nutrients on the δ13C and
δ15N Values

In this analysis, we assumed that the effect of leaf age may not be linear. Among the studied
variables, leaf age, tree height and tree age have accounted for 18.78% variance in the model (Figure 4A).
The independent effects of leaf age showed a larger contribution (R2 = 14.49%, p < 0.05) to total variation
in leaf δ13C compared with tree age and tree height. In addition, leaf nutrients such as leaf nitrogen
and phosphorus concentrations were the other most important predictors for the δ13C (R2 = 33.56%).
In particular, leaf N concentrations explained the largest percentage of variation in leaf δ13C and its
effect was significant (R2 = 19.24%, p < 0.01).

Leaf physiological properties (leaf age, tree height and tree age) and leaf nutrients (N and P
concentrations) together explained 47.29% of the variations in leaf δ15N (Figure 4B). Among the study
variables, leaf age was the most important predictor for the δ15N (R2 = 15.31%, p < 0.01). Meanwhile,
tree age as another physiological factor also played a key role in leaf nitrogen isotope compositions
(R2 = 3.52%, p < 0.01). Moreover, looking at the relative contribution of each predictor in leaf nutrients,
leaf nitrogen concentrations independently explained the largest percentage of variation in leaf δ15N
(R2 = 19.29%, p < 0.001).
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Figure 4. Variation partitioning (%, R2) of physiological factors including leaf age, tree height and
tree age; and leaf nutrients such as leaf nitrogen and phosphorus concentrations in accounting for leaf
δ13C (A) and δ15N (B) values. The percentage values represent the proportion of the variance explained
by each predictor in the model. *** p < 0.001, ** p < 0.01, * p < 0.05.

3.4. Relationship Between δ15N and δ13C in P. crassifolia Leaves

Relationship between the δ13C and δ15N values of all leaf ages pooled was significantly positive
for P. crassifolia samples (p < 0.001, Figure 5). The correlation coefficient between them was 0.44.
Different leaf ages (range from current-year leaves to 3-year-old leaves) were represented by triangles,
squares, circles, and rhombuses, respectively.

Figure 5. Relationship between leaf δ13C and δ15N values of P. crassifolia. Leaf ages (current year
leaves: triangles; 1-year-old leaves: squares; 2-year-old leaves: circle; 3-year-old leaves: rhombic) are
also given.
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4. Discussion

4.1. Leaf δ13C Changed with Leaf Age and Tree Age

P. crassifolia is widely distributed throughout the arid zone of northwest China [22]. In our work,
leaf δ13C varied from −28.22‰ to −24.09‰, with a mean of −26.76‰, nearly identical to that reported
by Pei et al. [27] (−28.58‰ to −25.02‰) and Yun et al. [28] (−28.9‰ to −25.4‰) for P. crassifolia in the
Qilian Mountains. Moreover, the findings were almost the same as average values reported for Pinus
tabulaeformis in northwest China with values of −26.82‰, which fell within the range of −28.6‰ to
−25.02‰ [21].

Previous studies have confirmed that the rate of photosynthesis and respiration declines with
leaf aging [13]. In this study, a significant difference in δ13C between current-year leaves and other
old leaves was observed. The δ13C values achieved a relative maximum at the current-year leaves
(−25.54‰) and lower values occurred in other old leaves. Since carbon was directly assimilated from
the air or remobilized from reserve carbohydrates [13,29], we assumed that the isotopic patterns
reported in our study might be caused by several effects. First of all, variations in leaf δ13C values were
related with P. crassifolia interior biochemical processes. In the initial developmental stages, a ‘hungry’
state of intercellular CO2 concentrations exists because plants grow relatively rapidly and need to
synthesize large amounts of organic matter to meet the demands of development and construction,
leading to reduced distinguishing and exclusion of 13CO2 [18]. Thus, the values become enriched.
When the exterior morphology, interior structure and physiological metabolism functions are mature,
plants have the ability to adjust physiological and biochemical reactions. Therefore, they can efficiently
distinguish and exclude 13CO2, and the δ13C values are expected to be depleted [30]. More importantly,
photosynthetic capacity is the central process that coordinates carbon isotope discrimination, with
more photosynthetically active leaves being relatively 13C-enriched [16].

Second, it was associated with leaf development stage [13]. Due to the changing growth rate
between different aged leaves, the allocated proportions of the structural, functional and storage
components within plants varied significantly to meet the leaves’ nutrient needs. Previous 13CO2

tracer studies have reported that there were two leaf developmental stages including heterotrophic and
autotrophic stages [14]. During the heterotrophic growth stage, where organic carbon was imported
from elsewhere in the plant, enrichment in 13C was most evident in this stage and supposedly a result
of the heterotrophic carbon source for growth [13,31]. This stage was more obvious for current-year-old
leaves. Furthermore, Cernusak et al. [32] discussed six hypotheses regarding the explanation for the
13C enrichment of heterotrophic versus autotrophic plant organs. Based on these hypotheses, newly
expanded leaves might need to synthesize large amounts of organic matter to meet the demands of
development and construction, which leads to a reduction in distinguishing among sources of C and
allows the leaves to obtain C from 13CO2. Moreover, young new leaves contained more 13C-enriched
cellulose and import carbon from older leaves, while the old leaves had more 13C-depleted lipids and
lignin and export carbon to the younger leaves [33]. As a consequence of these effects, an enrichment of
13C in current-year leaves was observed. During the autotrophic growth stage, carbon was assimilated
and exported to other plant organs [17], which was most evident for older leaves [14]. The lighter
carbon isotope was preferentially assimilated and used to produce the lipids and lignin, while the
heavier carbon isotope was transported as 13C-enriched sucrose to the young new leaves [13]. As a
result, the old leaves were expected to be 13C-depleted.

4.2. Leaf δ15N Values Changed with Leaf Age and Tree Age

Leaf nitrogen isotope compositions were determined by the isotope ratio of the external nitrogen
source and physiological mechanisms within the plant. However, the intra-plant variation in isotope
composition was caused by multiple assimilation events, organ-specific losses of nitrogen as well as
resorption and reallocation of nitrogen [12]. In our work, 15N of current year leaves were more enriched
compared to other mature leaves—a pattern completely similar to stable carbon isotope compositions.
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Meanwhile, the result of Figure 5 indicated that these ratios shift similarly to leaf age. Nitrogen as a key
nutrient to build up the photosynthetic apparatus was translocated either from the roots, storage organs
or mature leaves to growing leaves [13]. Therefore, there may be variation in δ15N of leaves throughout
the plant depending on sink/source activity and the timing and source of remobilized and assimilated
organic nitrogen [34,35]. Nitrogen remobilization was important for perennial plant survival. During
growth, there was significant variation in primary N-containing compounds being remobilized in
the plant [34]. Masclaux-Daubresse et al. [36] reported that N-containing compounds (like proteins,
chlorophyll, etc.) could be degraded during leaf senescence and then nitrogen may be remobilized from
senescing leaves to expanding leaves at the vegetative stage. For example, 15N-enriched glutamine
was observed as the primary transport form of organic nitrogen, which would be remobilized to
developing sink leaves (receiving enriched 15N-glutamine) from a source leaf (exporting enriched
15N-glutamine) [34]. Consequently, an enrichment of 15N in new leaves was expected. In addition,
leaf proteins and in particular photosynthetic proteins of plastids were extensively degraded during
senescence, providing an enormous source of nitrogen that plants could tap into to supplement the
nutrition of growing organs such as new leaves and seeds [36]. Moreover, juvenile trees (<50 years old)
were 15N depleted compared to middle-aged trees (50–100 years old) at each leaf age level except for
1-year-old leaves in this study. This was likely attributed to the various allocated proportions of the
structural, functional and storage components within the plant bodies to meet the plant’s nutrient
demands [37]. In addition, there was a significant difference in water potential, stomatal conductance,
photosynthetic rate, and water-use efficiency between juvenile trees and other aged trees [37].

4.3. Relationships between the δ13C, δ15N Values and Leaf Nutrients

Multiple studies have reported various correlations between the δ13C and leaf nutrients [20,21,38].
In the present work, the positive relationship between δ13C and N over all aged leaves together (Table 2)
is in accordance with most previous studies [20,39]. Moreover, our conclusions suggest that the relative
contribution of leaf N concentrations on δ13C was significant (p < 0.01). The main cause of the positive
relationships was that photosynthetic capacity increased with leaf N concentrations [20], and there
was a positive correlation between leaf δ13C and photosynthetic capacity [4]. However, other studies
have found a negative correlation between leaf δ13C and leaf N concentrations, and this was likely
attributed to the presence of nitrogen-fixing species in samples such as Caragana microphylla [5] or an
autocorrelation with water availability in a semiarid environment. In addition, in high altitude areas,
low atmospheric pressure and temperature could alter the expression of the relationship between N
and photosynthetic and thus, the δ13C-N relation [38].

Research about the relationship between leaf δ13C and P concentrations is relatively limited, and
the results have been inconsistent. Some studies have demonstrated the positive relationship between
leaf δ13C and P owing to the effect of leaf P concentrations on photosynthetic via Rubisco, while other
works have found leaf δ13C to be negatively related with leaf P concentration. Our study observed that
leaf δ13C was positively related to all aged leaves’ P concentrations in simple regression (Table 2), but
the effect of leaf P concentration on δ13C was not significant in multiple regression (Figure 4A). This
indicates that the variations in the leaf δ13C values were likely caused by stomatal limitation rather
than P-related changes in photosynthetic efficiency [18,20]. In addition, our findings of the negative
correlation between leaf δ13C and the C:N ratios is consistent with the results from multiple previous
studies and suggests that P. crassifolia may achieve higher water use efficiency (WUE) at the expense of
decreased nitrogen use efficiency (NUE) [20,38].

The uptake and discrimination of 15N are also significantly related to plant N demand and
assimilation capacity [1,40]. N availability in ecosystem, N re-translocation in plants, and N fractionation
after plant uptake is known to influence leaf δ15N [1,41]. Multiple previous studies have reported
that there is a positive relationship between plant δ15N and leaf N concentrations at various spatial
scales [17]. In our work, leaf δ15N was also positively related to leaf N concentrations. Furthermore,
the result of Figure 4B suggested that leaf nitrogen concentrations play an importance role in accounting
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for the variations of leaf δ15N. Changes in environmental nitrogen demand or supply could influence
whole plant and organ level nitrogen isotope discrimination [12,34]. Likewise, leaf N concentrations
of current-year leaves were significantly higher than other old leaves in our study area (p < 0.001,
Figure S1). If the nitrogen supply of current-year leaves increased, discrimination could be expected to
increase. However, with important questions still remaining about the relationship of leaf N and leaf
δ15N, more comparative data are need to evaluate the potential drivers of leaf δ15N with increasing
leaf N concentrations in the future [11].

5. Conclusions

In summary, the carbon and nitrogen assimilation in P. crassifolia leaves resulted in the same
gradient of stable isotope compositions: young P. crassifolia leaves were more enriched in 13C and
15N compared with the older leaves at each tree age level. No significant difference in δ13C values
among different tree ages was observed at each leaf age level, while the δ15N values of middle-aged
(51–100 years old) were significantly more enriched than juvenile trees (<50 years old) at each leaf
age level except for 1-year-old leaves. Based on the relative importance analysis, we identified that
leaf age compared to tree age plays a dominant role in variation in leaf δ13C and δ15N values. Leaf
nutrients such as leaf nitrogen concentrations are also important determinant factors for leaf δ13C and
δ15N. However, our knowledge on the mechanism and effects of these biotic and abiotic factors on leaf
δ13C and δ15N values at large scales are still limited. Further investigation is necessary to consider
combinations of different drivers and their relative importance on the δ13C and δ15N values.
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Figure S1: Differences in leaf N concentrations (A) and leaf P concentrations (B) between four years’ leaves
(from current-year-old and up to 3-year-old) collected along different tree ages levels. Different uppercase letters
represent significant differences among leaf ages at each tree age level, while different lowercase letters represent
significant differences among tree ages at each leaf age level.
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Abstract: Sonneratia × hainanensis, a species once endemic to Hainan Island in China, is now
endangered. China’s State Forestry Administration lists this species as a wild plant species with an
extremely small population. Field fixed-point investigations, artificial pollination, and laboratory
experiments, as well as other methods, were applied to study the reproductive system and seed
germination of S. × hainanensis to elucidate the reasons for the endangerment of this species.
The results are as follows: (1) Outcrossing index, pollen-ovule ratio, and artificial pollination
showed S. × hainanensis has a mixed mating system and mainly focuses on outcrossing with some
self-compatibility. (2) Fruit and seed placement tests showed that the fruit predators on the ground
were mainly Fiddler crab and squirrel, with the predation rates being 100%. The artificially spread
seeds do not germinate under natural conditions. The mean seed destruction rate and remaining rate
of were 82.5% and 17.5%. (3) Seeds need to germinate under ambient light conditions, with an optimal
photoperiod of 12 h. Seed germination is extremely sensitive to low temperatures because of optimum
temperatures from 30 ◦C to 40 ◦C. At an optimal temperature of 35 ◦C, the seeds germinate under
salinities ranging from 0‰ to 7.5‰, with an optimal salinity of 2.5‰, which shows the sensitivity of
seed germination to salinity, with low salinity promoting germination, whereas high salinity inhibits
germination. These findings indicate that the limited regeneration of S. × hainanensis is caused by the
following: (1) Pollen limitation and inbreeding recession caused by the extremely small population of
S. × hainanensis. (2) Seeds near parent trees are susceptible not only to high fruit drop rate, but to high
predation beneath the parent trees′ canopy as well. (3) Seed germination has weak adaptability to
light, temperature, and salinity.

Keywords: endangered; Sonneratia × hainanensis; reproductive system; seed germination; light;
temperature; salinity

1. Introduction

Research on reproductive characteristics and reproductive dynamics effectively identifies the
course that endangers the plant population and the underlying mechanism [1]. Moreover, it clarifies
the reproductive biological characteristics and the effects of external factors on the most critical aspect
of plant reproduction, as well as the mechanism that endangers plant species [2].

At the stage of pollination, research on the reproductive system of plants is helpful for
understanding their life history and causes of endangerment [3]. Recent studies have shown that
corolla shape, diameter, color, odor, and other factors affect pollinator variety, visiting frequency,
and visual and olfactory reactions, which reduces the possibility of hybridization and adaptability of
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future generations. This effect leads to a decline in the number of species [4,5]. Pollen viability and
stigma receptivity differ among plant species [6]. Highly dynamic pollen and stigma are conducive to
pollination [7]. Conversely, presentation of pollen viability and stigma receptivity at different times
influences pollination efficiency and limits the fruiting rate [8]. Moreover, the decline in pollination
quality also causes various negative effects, including reproductive failure because of pollen restrictions,
decline in genetic diversity, and depression from inbreeding [9]. Studies on plant species based on
different population sizes and genetic variation demonstrate that inbreeding significantly affects seed
rate, seed germination, survival, and resistance to stress [10].

Seeds are an important part of the life history of endangered plants [11]. Ecological research on the
seeds of endangered plants reveals better approaches to breeding seeds and seedlings, which are of great
significance for population expansion and preventing population extinction [12]. Some endangered
plants have less natural production and low seed quality. This phenomenon fundamentally reduces the
seed germination rate and restricts population growth [13]. Other endangered plants have special fruit
morphologies or structures that are not conducive to the spread of seeds or germination, which also
endangers these plants [14]. The seeds of some endangered plants have distinctive features, such as
congenital dormancy or substances that inhibit germination, which leads to low sprouting rates
and the scarcity of seedlings under natural forests [15]. Climate change and inefficient population
regeneration in modern habitats can also be attributed to the limited expansion of endangered seeds
and seedlings [16]. Some studies on Phoebe bournei (Hemsley) Yen C. Yang J.W. and Abies chensiensis
Tieghem showed that animal damage to seeds and seedlings contribute to their scarcity in natural
populations [17]. Moreover, the short life of seeds of endangered plants, such as Cinnamomum
micranthum (Hay.) Hay and Cathaya argyrophylla Chun & Kuang, also restricts their expansion [18].

Sonneratia × hainanensis W.C. Ko, E.Y. Chen and W.Y. Chen is an aiphyllium from the genus
Sonneratia (Sonneratiaceae) [19]. This species grows on beaches near the low water line or on low tide
beaches along inland rivers with low tidewater salinity [20]. The adult tree of Sonneratia × hainanensis
is only eight and they are currently only found at Dongge and Touyuan in the Qinglan protection
zone in Wenchang City, Hainan Province [21]. China’s State Forestry Administration lists this species
as a wild plant species with an extremely small population [22]. Studies on S. × hainanensis show
that it has an outcross reproductive system with a long flowering phase [23]. It has flowers that can
bloom almost year-round, although some Sonneratia species have overlapping flowering phases [24].
The outcross reproductive system, interspecific crossing sympatry, and overlapping flowering phases
of Sonneratia provide chances for interspecific hybridization [25]. Among these species, S. × hainanensis
is a diploid (22 chromosomes) hybrid, possibly between Sonneratia alba Smith and Sonneratia ovata
Backer [26]. The S. × hainanensis population has a low genetic diversity, but various groups have
significant genetic differentiation [27]. This phenomenon is possibly closely related to its reproductive
system. However, few studies have investigated the reasons for restricted S. × hainanensis population
in terms of the effects of reproductive ecology and environment on seed germination.

We conducted field fixed-point observations and laboratory experiments to study the reproductive
system and seed germination of S. × hainanensis, as well as their relationship with the environment to
determine the reasons for its limited natural regeneration.

2. Materials and Methods

2.1. An Overview of the Sample Plot

The sample plot was located at Qinglangang Nature Reserve of Hainan Island. Sonneratia plant
communities in the region grow on the beach near the low water line or low tide beach along the inland
river with low tidewater salinity. The area is located at 19◦37′36” N and 110◦49′53” E. Mangrove plants
present abundant varieties in these communities, including 24 species of true mangroves and 20 species
of semi-mangroves. Sonneratia caseolaris (Linn.) Engler and Bruguiera sexangula (Loureiro) Poiret are
the dominant mangrove species. In China, Sonneratia includes six species, namely, S. caseolaris, S. alba,
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Sonneratia apetala Buchanan-Hamilton, S. ovata, Sonneratia × gulngai N. C. Duke & B.R. Jackes, and
S. × hainanensis. S. apetala is an introduced exotic plant with a developed population, whereas, S. ×
hainanensis is a seriously endangered plant species. The geographical location is shown in Figure 1.

Figure 1. Geographic distribution of the fixed plot.

2.2. Study Object

We selected 8 trees of different S. × hainanensis strains from the bottomland of an enclosed sea
harbor in Paigang Village, Dongge Town, Wenchang City, Hainan Province for the study. All trees were
at least 100 years old, with strong trunks and branches. They were about 8 m high, with a diameter at
breast height of 100 cm, and a crown breadth of 15 m × 15 m. The fruit type of S. × hainanensis was
spherical berry with a diameter of 50–80 mm. The seeds were sickle-shaped, V-shaped, or irregular,
with an average length of 10 mm and the outer seed coat was brown. There were 2 cotyledons,
elliptical or oblong, 2–3 cm long, and 1–3cm wide.

2.3. Determination of the Reproductive System

2.3.1. Estimating the Outcrossing Index (OCI)

Inflorescence diameter, flower size, and flowering behavior were measured and the assay of the
reproductive system was specifically conducted according to the standards proposed by Dafni [28].

2.3.2. Pollen to Ovule (P/O) ratio

Ten buds just coming into bloom with undehisced anthers were randomly selected and fixed in
formalin-acetic acid-alcohol (FAA). The number of single pollen grains was counted according to the
method by Cruden, and the number of ovules was measured by paraffin section. The pollen to ovule
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(P/O) ratio of each flower was calculated by dividing the number of pollen grains by the number of
ovules [29].

2.4. Determination of the Reproductive System

2.4.1. Changes in Stigma Receptivity and Pollen Vitality with Time

A total of 50 flowers were selected at the start and end of the period of high stigma receptivity.
All stamens were carefully removed using tweezers before the blooming and isolated in a bag to
prevent self-pollination. Fresh pollen grains were collected from other flowers. Flowers within 1
day to 5 days after pollination were isolated in a bag. Ten replicates were carried out during each
flowering period.

A total of 50 flowers were selected at the start and end periods of pollen vitality. All stamens were
carefully removed using tweezers before blooming. At the flowering day, the stigmas were pollinated
with pollen from other flowers on the day of anther dehiscence and at 1 day to 5 days after dehiscence.
Then, the stigmas were subjected to bag isolation. Ten repetitions were carried out for each pollen
sample. Pollen germination rate and stigma receptivity were calculated according to the fruit setting
rate during the preliminary stage. An ANOVA was used to compare the differences between pollen
germination rate and stigma receptivity at different periods.

2.4.2. Artificial Pollination and Bagging Experiments

During the bud stage, one strain and 280 buds of S. × hainanensis were selected for seven
pollination treatments: A, natural control (natural hybrid); B, bagging with castration without
pollination (apomixia); C, net isolation with castration (anemophily pollination); D, no bagging; E, no
bagging with castration (bagging before flowering and pollen from the same flower was given after
flowering); F, artificial geitonogamy (mutual pollination of No. 1 and No. 10, No. 2 and No. 9, and so
on for 10 buds); and G, artificial xenogamy (pollen source was from another strain of S. × hainanensis
100 m away from the experiment strain). The E, F, and G treatments involved artificial pollination,
whereas A, B, C, and D were performed for comparison. The fruit dropping time, number of fruits,
fruiting rate, and seed setting rate of single fruits were determined.

2.5. Seed Germination and Seedling Survival Experiment

2.5.1. Dynamic Changes in S. × hainanensis Seeds under Natural Conditions

Three parental trees were randomly selected, and there were no S. × hainanensis trees within 50 m
around the three mother trees. In order to calculate the number of fruits dropped, at the beginning of
the fruit drop, every 5 days all the fruits dropped were collected and brought back to the laboratory for
germination experiments until fruit dropping ceased.

One small quadrat of 1 m × 1 m was set in four regions of 1 m, 3 m, 5 m, and 10 m away from
each parent tree. Thirty mature fruits covered with wire netting (mesh size was 50 mm × 50 mm) were
naturally placed in each quadrat. A seed germination experiment was set up, not far from each quadrat.
Eighty seeds were scattered on the ground, and the seeds were covered with a plastic mesh (mesh size
was 1 mm × 1 mm). There were 3 replicates around a parental tree. The number of fruit predated by
animals and seed germination rate at different distances from the parent trees were counted.

2.5.2. The Relationship between S. × hainanensis Seed Germination and Environmental Factors

Germination tests were performed indoors. Each test included 50 full seeds with three replicates.
The seeds were first disinfected with 0.1% potassium permanganate solution for 5 min, rinsed with
distilled water, and then sown into 11 cm Petri dishes padded with filter paper. Distilled water (for light
and temperature experiments) and saline (for salinity experiments) were added until the seeds were
immersed in solution. Seed germination was observed daily after sowing and the liquid was changed
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once daily. The germinated seeds were transferred into another dish. After 5 d, 10 strains were selected
from each dish to measure the radicle length and perfectness ratio. Germination rate, germination
potential, radicle length, and radicle perfectness ratio were calculated using a germination standard of
a radicle length of 3 mm and an experimental time of 20 d.

The light–dark cycles were set to 4/20, 8/16, 12/12, 16/8, and 24-hour light/0 hours darkness.
The temperature was set to 28 ◦C during the day and 23 ◦C during the night. Relative air humidity
(75%) and light intensity (700 lx) were constant during treatment, and complete darkness was used as
the control. All tests were divided into six treatment groups.

Seeds were sown in culture dishes and placed in an incubator set to different constant temperatures
(15, 20, 25, 30, 35, 40, and 45 ◦C). The glass door was closed to allow the seeds to germinate under
natural indoor light.

Ten groups with different salinities (0‰, 2.5‰, 5‰, 7.5‰, 10‰, 12.5‰, 15‰, 20‰, 25‰,
and 30‰) were prepared, and saline with the salinity of seawater (18.4‰ to 19.2‰) was used as the
control. All tests were divided into 11 groups, and all germination experiments were conducted under
indoor natural light in an incubator at a constant 35 ◦C. The seawater was replaced daily.

2.6. Data Analysis Method

Mean and standard error (SE) of three replicates were calculated. Data on all germination rates,
germination viability, radicle lengths, and radicle perfectness ratio were analyzed for differences among
different treatments by analysis of variance. If the difference was significant at p < 0.05, a Duncan
test was employed to determine the potential source of the difference. All statistical analyses were
performed with SPSS, version 16.0 (SPSS Inc., Chicago, Illinois, U.S.A.). Statistical significance was
defined as p < 0.05.

3. Results

3.1. Determination of the Reproductive System

S. × hainanensis has a bell-shaped calyx tube. The top of the flower was about 4.5 cm to 5.5 cm
from the base. The flower diameter was measured from the bell-shaped central part, which was
approximately 2.4 cm to 3.2 cm. Flowers with diameters greater than 6 mm were still scored 3. In the
field experiments, if the anther dehiscence of S. × hainanensis flowers presented no time interval from
stigma receptivity, it was scored as 0. If the stigma grew faster than stamens and kept ahead of stamens,
it was scored as 1. Thus, the OCI of S. × hainanensis was 4, which indicates that the sexual reproductive
system of S. × hainanensis is partially self-compatible, outcrossing, and needs pollinators.

Table 1 shows the P/O ratio values of S. × hainanensis. According to Cruden, P/O ratio values
between 244.7 and 2588.0 indicate facultative outcrossing. Thus, the sexual reproduction system of S.
× hainanensis is dominated by facultative outcrossing (Table 1).

Table 1. Pollen to ovule (P/O) ratio of Sonneratia × hainanensis.

Items of
Observation

Number of Pollen
in Each Simple

Flower (P)

Number of Ovules
in Each Simple

Flower (O)
P/O Ratio

Types of Breeding
System

Results ≈12500 ± 2000 34 ± 10 354 Xenogamy

3.2. Exploring Dysgenesis in S. × hainanensis

3.2.1. Pollen Germination Rate and Stigma Receptivity

Under natural conditions, the pollen germination rate and stigma receptivity of single S. ×
hainanensis flowers is usually consistent with time (Figure 2). The pollen germination rate was highest
(100% or close to 100%) on the first and second day of flowering. The pollen germination rate declined
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greatly by the third day and was lowest (20%) by the fifth day. Stigma receptivity peaked on the day of
flowering, and 100% of the pollinated flowers bore fruits. On the fifth day of flowering, the entire style
withered and stigma receptivity (5%) was almost lost.

Figure 2. Variations in pollen germination rate and stigma receptivity with flower age in S.× hainanensis.

3.2.2. Artificial Pollination Experiment

After bagging with castration (apomixia), the S. × hainanensis ovaries grew slightly larger around
the 10th day, and then stopped changing. After one month, the ovaries withered and dropped. The fruit
setting rate was 0 (Table 2). Under natural conditions, the fruiting rate of S. × hainanensis was 45%.
The fruiting rate without bagging with castration was very low (17.5%). The fruiting rate (10%) under
net isolation with castration was lower than that under natural pollination. However, under artificial
pollination, the fruiting rate in all treatment conditions (42.5% to 62.5%) increased remarkably.

Table 2. Fruit setting rate and seed setting number under different pollination methods.

Pollination Method
Number of

Flowers

Fruit
Dropping
Time (d)

Number
of Fruits

Fruiting
Rate (%)

Seed Setting
Number in a

Single Flower

Net isolation with castration 40 7 4 10 16.25
Bagging with castration 40 0 0 0 0
No bagging treatment 40 7 7 17.5 19

Natural pollination 40 7 18 45 30.4
Artificial self-pollination 40 15 17 42.5 24.2
Artificial geitonogamy 40 15 20 50 34.6

Artificial xenogamy 40 18 25 62.5 56.2

3.3. Relationships among Seed Germination, Survival of Seedlings, and Environmental Factors

3.3.1. Seed Germination Rate at Different Fruit Dropping Times

The artificial control experiment for the seed germination rate of dropped fruits at different times
indicated that all indices significantly increase with increasing fruit dropping times (Table 3). At the
fruit dropping time of 5–10 d, the seed germination rate was 0, and the seed germination rate was less
than 10% at 20–25 d. When the fruit dropping time was 30 d, the number of fruit falling (84.67%) and
the seed germination rate (46.55%) reached the maximum. When the fruit drop time was 35 d, the fruit
was no longer dropped. A chi square test showed that the seed germination rate was highly correlated
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with fruit dropping time (χ2 = 63.29, p < 0.01).This indicates that under natural conditions, the early
dropping of S. × hainanensis fruits leads to the incapacity of immature seeds to germinate, which could
result in source limitation of seed.

Table 3. Fruit dropping amount and seed germination rate of S. × hainanensis at different fruit
dropping times.

Dropping Time 5 d 10 d 15 d 20 d 25 d 30 d 35d

Fruit dropping amount 14.67 ±
4.51f

25.67 ±
4.04e

39.33 ±
9.24d

58.00 ±
8.00c

70.33 ±
4.51ab

84.67 ±
6.43a 0 ± 0g

Seed germination rate (%) 0 ± 0d 0 ± 0d 2 ± 0bc 9 ± 0b 43 ± 3a 45 ± 3a 0 ± 0d

Different letters indicate significant difference (p < 0.05).

3.3.2. Dynamic Observation and Verification of Seeds under Natural Conditions

It can be seen from Table 4 that under natural conditions, the fruit predation rate and seed
germination rate at different distances are 100% and 0. The seed destruction rate (by animals and
disease) and seed remaining rate were about 82.5% and 17.5%, respectively. Through field observations,
it was found that crabs, squirrels, etc., were the main predators. In addition, the remaining seeds could
not germinate. This indicates that the seed germination of S. × hainanensis under natural conditions is
not only affected by animal predation, but also by habitat factors.

Table 4. Dynamic changes of fruit and seeds of S. × hainanensis under natural conditions.

Sampling Point
Fruit Predation

Rate (%)
Seed Germination

Rate (%)
Seed Damage Rate

(%)
Seed Remaining

Rate (%)

1 m 100 0 83 ± 10 17 ± 10
3 m 100 0 85 ± 0 15 ± 0
5 m 100 0 80 ± 6 20 ± 6

10 m 100 0 82 ± 13 18 ± 13
Average 100 0 82.5 ± 2.08 17.5 ± 2.08

3.3.3. Effects of Light Cycle Duration on S. × hainanensis Seed Sprouting

The seeds in the dark control group did not germinate. The germination rate, germination potential,
radicle length, and radicle perfectness ratio were zero. Germination rate (Figure 3a), germination
potential (Figure 3b), and radicle length (Figure 3c) demonstrated unimodal curves with increasing
light cycle duration. Germination rate, germination potential, and radicle length differed under
different light cycle durations (Figure 3). The germination rate (68.67%) and germination potential
(58.67%) peaked at 12 h. The radicle length and radicle perfectness ratio did not statistically differ
among different groups, except for the control group and the group at 4 h (Figure 3d).
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Figure 3. Effects of different illumination times on indicators. Different letters indicate significant
difference (p < 0.05).

3.3.4. Effect of Temperature on S. × hainanensis Sprouting

The S. × hainanensis sprouting rate, germination potential, and radicle length exhibited remarkable
differences under different temperatures (Figure 4). As the temperature increased, the germination rate,
germination potential, and radicle length of all groups showed unimodal curve changes (Figure 4a–c).
The germination rate and germination potential increased from 30 ◦C to 35 ◦C. The germination rate
(90.67%) and the germination potential (78.00%) peaked at 35 ◦C. The germination potential reached
its minimum at 15 ◦C and the germination rate reached its minimum at 45 ◦C. As the temperature
increased, the radicle length and the radicle perfectness ratio also presented unimodal curve changes
(as shown in Figure 4c,d). The radicle length (4.83 cm) and the radicle perfectness ratio (100%) peaked
at 35 ◦C.
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Figure 4. Effects of different temperatures on indicators. Different letters indicate significant difference
(p < 0.05).

3.3.5. Effect of Salinity on S. × hainanensis Seed Germination

As salinity increased, the germination rate, germination potential, radicle length, and intact rate
of each group significantly decreased (Figure 5). The germination rate (82.67%) and the germination
potential (75.33%) peaked at 0‰ salinity (Figure 5a,b). The difference was not obvious compared to the
germination rate (81.33%) and germination potential (72.67%) at 2.5‰ salinity. However, the radicle
growth of the latter was more robust and the radicle perfectness ratio was ideal (100%; Figure 5d);
radicle length under low salinity (<7.5‰) almost doubled under high salinity (>10‰) (Figure 5c).
The appropriate germination salinity of S. × hainanensis varied from 0‰ to 7‰.
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Figure 5. Effects of different salinities on indicators. Different letters indicate significant difference (p < 0.05).

4. Discussion

4.1. Reproductive System of S. × hainanensis

The understanding of the plant reproductive system is a prerequisite for understanding the life
history of plants, and is also the basic background knowledge required for other related research [30].
Due to the different gender systems of plants, they often exhibit diverse types of reproductive
systems [31]. Different gender systems have different effects on their hybridization rate, pollination
mechanism, and breeding system [32].

According to the standards by Dafni, further experiments can verify that the sexual reproductive
system of S. × hainanensis is partially self-compatible, outcrossing, and needs pollinators [28]. Based on
the P/O ratio by Cruden, its reproductive system is facultative outcrossing. Cross-pollination,
especially xenogamy, has a high maturation rate [29]. The fruiting rate of artificial pollination is higher
than the other pollination approaches. Thus, S. × hainanensis flowers have a mixed mating system.
Selfing may mainly come from geitonogamous pollination. Moreover, the study by Tomlinson showed
that geitonogamous plants have an outcross reproductive system [24]. The differences in these studies
may be attributed to the narrowed population of S. × hainanensis, which led to a higher chance of
selfing and inbreeding. During evolution, S. × hainanensis gradually changed from obligate outcrossing
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to facultative outcrossing with self-compatible tendencies. This reproductive system possibly evolved
into a stable mixed mating system.

Research shows that small populations weaken the attraction of insects for pollination [33].
As a result, individual plants in small populations only acquire limited pollen with inferior quality
compared to large populations, which leads to the pollen restriction on the reproductive success of small
populations [33]. According to population genetics, small populations tend to undergo genetic drift,
which reduces genetic diversity. This process is often accompanied by the accumulation of harmful
mutations and it enhances inbreeding [34]. When populations shrink, the amount of pollen and its
quality during pollination are greatly affected, which undermines reproduction [34]. According to
research, only eight strains of S. × hainanensis are naturally distributed, with remarkable distances from
each other. Under natural conditions, S. × hainanensis mainly conducts self-pollination. The artificial
pollination experiment shows that artificially improving pollination notably improves the fruit setting
rate of S. × hainanensis. The seed germination rate from the outcrossing population is much higher
than from selfing. Therefore, pollen restriction and inbreeding depression can be attributed to the low
seed germination rate of small populations, which is consistent with the finding of Li on Lumnitzera
littorea (Jack) Voigt [35].

4.2. Effects of Natural Environment on S. × hainanensis Seed Germination

In the wild environment, in addition to abiotic factors (light, temperature, salinity), seed germination
was also affected by biological factors (animals, diseases) [36]. The study of Taxus chinensis var. mairi has
showed that only very small portions of the seed rain supplied the seed bank, and most of the falling seed
did not replenish the soil seed bank due to predation, human disturbance, and environmental factors [37].
Seeds of Phoebe bournei were not only susceptible to soil pathogens, but to high predation beneath parent
trees’ canopy as well, which resulted in poor field seed germination [38].

In this experiment, the fruit drop of S. × hainanensis was serious during fruiting stages, and only
the seeds of mature stage had higher germination rate (about 40%), and the seed germination rate in
other periods was very low (less than 10%), so most of the fruits were wasted. Because the fruit of S. ×
hainanensis was sweet, it was welcomed by animals such as squirrels and Fiddler crabs. Most of the
seeds were destroyed and could not be germinated. Therefore, seed predation by animals was also one
of the reasons that the seed germination of S. × hainanensis was limited.

4.3. Effects of Simulated Environmental Factors on S. × hainanensis Seed Germination

Seed germination is the weakest phase for plants to resist environmental stress. Furthermore,
factors that adversely affect seed germination directly influence the generation and supplementation
of new individual plants into the population, as well as its stability [39]. In this research, the major
obstacles to the regeneration of S. × hainanensis populations were closely related to seed germination
and indispensable environmental factors that influence germination.

4.3.1. Effect of Light on S. × hainanensis Seed Germination

Light is indispensable for the seed germination of certain plants and different plants have different
light requirements for seed germination [40]. Studies have shown that the seeds of the endangered
plant, Garcinia paucinervis Chun & F.C. How, can germinate in the presence or absence of light,
indicating that light is not a necessary condition for its germination [41]. The seed of Lumnitzera littorea
is a light-requiring seed [42]. Under darkness and constant temperature, the newly collected S. ×
hainanensis seeds did not completely germinate, and increased light promoted seed germination and
radicle growth. Exposing the seeds to light for 12 h per day was optimal for germination. After the
spreading of seeds, the weak air and water permeability of sludge under the forest results in insufficient
light acquisition. Thus, most seeds only receive insufficient light, which causes an obvious decline in
sprouting rate. Seedlings under the forests are scarce. Actual investigation reveals no S. × hainanensis
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seedling under the forest. Hence, the insufficient light in forests limits S. × hainanensis seed germination,
which is consistent with the finding of Liao on S. caseolaris [43].

4.3.2. Effect of Temperature on S. × hainanensis Seed Germination

Temperature is one of the key factors during seed germination. However, the response of different
endangered plant seeds to temperature is also different [44]. The endangered plant Cercidiphyllum
japonicum Siebold & Zuccarini has a low seed germination rate below 5 ◦C, and there is no significant
difference between 10 ◦C and 30 ◦C [40]. The seed germination of most endangered plants, such as
Dracaena cambodiana Pierre ex Gagnepain, Sinia rhodoleuca (Diels) M.C.E. Amaral and Lumnitzera littorea,
are very sensitive to temperature, and 25 ◦C is optimal. At the same time, seeds cannot germination
when the temperature is below 15 ◦C, and if it is higher than 30 ◦C [45–47]. Under laboratory conditions,
the suitable temperature for S. × hainanensis seed germination was between 30 ◦C and 40 ◦C, with an
optimum temperature of 35 ◦C. This condition indicates that S. × hainanensis seeds are sensitive to
low temperatures, but are able to resist temperature changes within a small range. In 2008, because of
extreme cold in southern China, all seedlings of S. × hainanensis were dead in the mangrove forest
nature protection area of Dongzhaigang [48]. Therefore, temperature is also one of the factors limiting
the seed germination of S. × hainanensis.

4.3.3. Effect of Salinity on S. × hainanensis Seed Germination

The optimum salinity for S. × hainanensis seed was between 0‰ and 7.5‰. Within this range, the
germination potential, germination rate, radicle length, and radicle perfectness ratio, which reflect
the sprouting ability, are better than those under other salinities. Further increases in salinity caused
a drop in germination potential, germination rate, radicle length, and radicle perfectness ratio,
which demonstrates that low salinity is conducive to S. × hainanensis seed germination, whereas high
salinity inhibits germination. This result is consistent with findings that most halophytic plants have
higher germination rates at low salinities [49–51].

Generally, seed germination at low salinity only slightly differs from that at 0‰ salinity. Increasing
salinity gradually inhibits germination, but the seeds of most plants regain their vigor after being
transferred into freshwater, which increases their accumulated germination rate [52]. For example,
placing seeds that cannot germinate under high salinity into fresh water partially restores their
germination rate, which shows that high salinity triggers dormancy in S. × hainanensis seeds.
Exposing the seeds to optimal conditions allows them to germinate. This may be an important
adaptation mechanism for S. × hainanensis in saline environments. Studies in China on the seed
germination and seedling growth of other mangrove trees such as S. apetala under saline stress revealed
that seed germination is better under low salinity than under high salinity [53]. This observation is
partially consistent with the findings in this experiment. The S.× hainanensis seeds exhibited the highest
germination index under 0‰ salinity and the low salinity value (2.5‰). However, radicle growth
was more robust and the radicle perfectness ratio was higher under low salinity. This observation
implies that S. × hainanensis seed germination requires stimulation under a certain salinity to allow the
radicle to grow more robustly, more adaptable to the saline environment, and to improve the survival
rate of seedlings. In addition, the seawater salinity control demonstrates that salinity limits the seed
germination of S. × hainanensis.

5. Conclusions

Ecological analysis of the reproductive system, seeds, and seedlings indicated that the following
factors limit the regeneration of S. × hainanensis: (1) Pollen limitation and inbreeding recession caused
by the extremely small population of S. × hainanensis. (2) Seeds near parent trees are susceptible not
only to high fruit drop rate, but to high predation beneath parent trees′ canopy as well. (3) Seed
germination has weak adaptability to light, temperature, and salinity.
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To protect S. × hainanensis, we recommend implementing artificial xenogamy during the flowering
stage to improve pollination efficiency, the fruit setting rate, and the fruiting, as well as building a
small simulation greenhouse and collecting seeds in time. The populations can be expanded through
indoor seedling breeding and domestication to factors such as salinity.
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