
Citation: Majekobaje, A.R.; Dean, T.J.

Assessing Water Relations and

Carbon Dynamics of Pinus taeda

Branches Undergoing Shade-Induced

Mortality. Forests 2023, 14, 1704.

https://doi.org/10.3390/f14091704

Academic Editor: Hiroaki Ishii

Received: 4 August 2023

Revised: 18 August 2023

Accepted: 23 August 2023

Published: 24 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Assessing Water Relations and Carbon Dynamics of Pinus taeda
Branches Undergoing Shade-Induced Mortality
Adelodun R. Majekobaje * and Thomas J. Dean

School of Renewable Natural Resources, Louisiana State University Agricultural Center,
Baton Rouge, LA 70803, USA; fwdean@lsu.edu
* Correspondence: amajek1@lsu.edu

Abstract: Light acts as a complex signal, influencing various plant physiological, phenological
and morphogenetic traits. Although previous studies have explored the effects of varying light
levels on branch growth and survival, the underlying mechanisms of branch mortality under shade
conditions remain poorly understood, hindering our understanding of canopy dynamics. In this study,
contrasting shade conditions were imposed on Pinus taeda branches, and the changes in their water
relations and carbon dynamics were evaluated. Monthly measurements of the photosynthetic light–
response curve (LRC), sap flow and water potential of the branches were conducted. Furthermore,
the conditions that led to the deaths of lower branches were investigated, and principal component
analysis (PCA) was used to classify branches according to their mortality status. Significant shade
treatment effects were observed for all photosynthetic parameters. The assimilation at light saturation
(Amax), dark respiration rate (Rd), apparent quantum yield (AQY), light compensation point (LCP)
and light saturation point (LSP) all decreased from full light to deepest shade, whereas the opposite
was the case for the convexity term (θ). All water relations traits also decreased from full light to
deepest shade; however, although significant shade effect was observed in stomatal conductance (gs)
and sap flow, the differences in the pre-dawn (Ψpre-dawn) and mid-day (Ψmid-day) water potentials
among treatments were not statistically significant. The PCA classification results showed that it
could be used as a reliable method to screen for branch mortality as early as four months before
mortality becomes evident. Our results shed more light on branch physiology and mortality under
shade and have the potential to help improve the prediction of tree crown size, ultimately improving
process-based forest growth models.

Keywords: branch mortality; light attenuation; height to crown base; crown dynamics; carbon
starvation; cavitation; Pinus taeda; light–response curve

1. Introduction

Light plays an important role in influencing crown growth and development [1]. In
forests, patterns of tree growth are largely determined by light acquisition. Some trees invest
in height growth to extend above others and access sunlight, whereas others expand their
crown or leaf area to intercept more light. In addition to being the sole source of energy
for growth, light is also a complicated signal that influences plant growth, physiology,
phenology and morphogenetic traits. Several studies have focused on the effects of varying
irradiance levels on the growth and survival of branches [2,3]. Takenaka [4] investigated
branch behavior under contrasting light conditions in saplings of Litsea acuminata and
observed a higher growth rate and lower mortality in sun-grown branches than in shaded
branches. Hennessey et al. [5] also found increased growth in sun-exposed branches of
Pinus taeda than in branches grown under shade.

The dynamics of carbon fixation and carbon dioxide (CO2) release provide the sub-
strate for tree growth [6]. This equilibrium between photosynthesis and respiration within
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a tree is greatly influenced by the availability of light. In a natural stand, the heterogene-
ity of light exists within the crown due to shading by neighboring individuals or upper
branches within the crown [7,8]. In Pinus taeda, like other conifers with excurrent growth,
upper branches shade lower branches. As a result, there is a regular pattern of branches
from the top of the crown to the base, each being increasingly shaded. Branches growing
under optimal conditions within a crown exhibit a higher allocation of resources [9,10].
For instance, it was demonstrated that the allocation of nitrogen in various species was
higher in branches growing under the best light conditions, hence leading to increased
photosynthesis [11]. Through a process known as correlative inhibition, the growth and
survival rates of shaded branches within a crown whose other branches are exposed to
light is reduced relative to shaded branches when the entire crown is shaded [4]. In a study
on Acer diabolicum saplings, Sugiura and Tateno [2] observed that the growth rates of the
branches were significantly higher when only half of the branches were exposed to light
compared to the conditions when all branches were exposed to light, when all branches
were exposed to shade, and when half of the branches were exposed to shade.

Slow growth in shade-intolerant species is associated with a higher risk of mortal-
ity [12,13]. The mechanisms of tree mortality have been explained by hydraulic failure and
carbon starvation hypotheses. The hydraulic failure hypothesis postulates that trees die
when the evaporative demand in the atmosphere is significantly greater than the uptake by
roots, creating high xylem water tension and increasing the risk of embolism formation
and conductivity loss of the xylem [14,15]. On the other hand, mortality due to carbon
starvation results from avoidance of hydraulic failure through stomatal closure, causing
photosynthetic uptake to reduce, thereby resulting in carbon starvation as more storage is
used up for the maintenance of metabolism and defense [16]. Besides water, light is another
important resource for tree growth and survival [17]. Changes in the physiology of trees
have been observed when they were exposed to different light environments [18,19]. When
two trees of the same species are grown in different light conditions, shade-grown trees
tend to have lower maximum photosynthetic (Pmax) and dark respiration (Rd) rates than
sun-grown trees [20–22]. Branches are believed to respond this way as well. Warrington
et al. [23] found out that the Pmax of Pinus radiata reduced significantly with decreasing
light intensity. Perry et al. [24] observed that the Pmax in Leucenea leucocephala grown under
different light regimes decreased consistently from the highest light level to the lowest light
level. Working on some hardwood species, Tsel’niker and Tsel’niker [25] observed that the
Pmax of Betula pendula and Populus tremula declined as the light intensity decreased. Teskey
and Shrestha [26] also found that net photosynthesis was higher under high light intensity
in all the species they studied (including P. taeda) than in low light levels. Past studies have
also highlighted the role of light environments on the water relations of branches. Schmitz
et al. [27] reported reduced hydraulic conductivity in the shaded branches of several man-
grove species. Branches that developed under shade conditions were found to be more
vulnerable to embolism in Fagus sylvatica [28]. In shoots of Betula pendula, Sellin et al. [29]
found that shade leaves had substantially lower leaf hydraulic conductivity compared to
the sun leaves at all irradiance levels studied.

The mechanisms of branch mortality under shade conditions remain poorly under-
stood, hindering our ability to predict a tree’s height to crown base (HCB), to understand
how different stressors affect canopy dynamics and to understand why some species are
able to retain more branches than others. Crown length, which is often used as a surrogate
for leaf area in forest growth and yield models [30–32], is estimated from a tree’s HBC or
crown ratio and total tree height. The measurement of HCB is a time-consuming process;
as a result, several studies have concentrated on the development of predictive models
that employ readily available stand variables to estimate the HCB of trees [33]. Most of
these models are based on static measurements using the total height, diameter at breast
height, stand basal area, crown competition factor and dominant height or site index as
predictor variables [34]; however, changes in HCB are dynamic. In order to predict HCB
more accurately, we need to understand the conditions that set the base of the live crown.
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Therefore, our objectives in this study are (1) to evaluate the dynamic changes in the photo-
synthesis and water relations of loblolly pine branches under an imposed range of shade
conditions; (2) to assess the suitability of various photosynthetic and hydraulic parameters
in screening for branch mortality; and (3) to identify threshold values of photosynthetic
and water relations traits that suggest imminent branch mortality.

2. Materials and Methods
2.1. Study Site

This study was conducted at the Louisiana State University AgCenter’s Dean Lee
Memorial Forest, located in Washington Parish, in southeastern Louisiana. This forest
lies at a latitude of 32.8◦ N and a longitude of 90.0◦ W. The average daily minimum
and maximum temperatures at this site are 12.03 ◦C and 25.56 ◦C, with annual mean
precipitation of 1600 mm [35]. The dominant soil type in this forest is the Ruston series,
which is classified as a well-drained, fine loamy, siliceous and thermic typic Paleudult.

2.2. Study Methods and Design

This site has a north-to-south fertility gradient. Site quality is lower on the northern side,
which increases southward. Blocks were established to account for this variation in fertility
and to separate the effects of site quality from the treatment effects under study. Two plots
positioned on the southern and northern sides of the site were used in this study. In January
2015, Pinus taeda seedlings were planted at 3 m × 3 m in field plots measuring 27 m × 27 m.
Within each plot, nine trees of similar height and exhibiting desirable characteristics, such as
good form, vigor and being free of insect damage and disease, were selected for this study.
These trees were located at the plot edges, which were exposed to an open field. Branch
whorls were numbered starting from the top, and target branches were chosen from the fifth
whorl of each tree. In January 2022, prior to spring bud burst, three treatments, namely 30%
shade, 60% shade and the control (0% shade), were applied to each plot, with each treatment
being replicated three times (Table 1). Shade treatments were achieved by using Agfabric
shade cloths (30% and 60%), which were supported by shade structures constructed from
concrete remesh and reinforcing bars (Figure 1).

Table 1. Experimental design.

Shade South North

0% S01, S02, S04 N01, N02, N05
30% S302, S304, S305 N301, N303, N304
60% S601, S603, S605 N602, N603, N604

This study employed a randomized complete block design with two blocks and three
replications of each shade level within a block. A total of 18 branches were initially mea-
sured in August and September. However, due to mortality, the number of measured
branches decreased to 17 in October and 13 in November. Consequently, a total of 66 mea-
surements were conducted throughout the duration of the study.

2.3. Photosynthetic Light–Response Curve Measurements

Light–response curve (LRC) measurements were conducted on a monthly basis from
August to November 2022 using a portable photosynthesis system (LI-6400xt, Li-Cor, Inc.,
Lincoln, NE, USA). The system was fitted with a 6 cm3 cuvette, and a blue-red LED light
source was used. The measurements were carried out on sunny days between 09:30 and 13:30
Central Daylight Time (CDT) using the default light–response program of the system. The
light–response program uses light intensities of 1500, 1200, 1000, 800, 600, 400, 200, 100, 80,
60, 40, 20 and 0 µmol m−2 s−1. Additionally, a light intensity of 2000 µmol m−2 s−1 was
manually set and included in the measurements. The leaf chamber’s block temperature was
adjusted throughout the measurement to match ambient temperature, the CO2 concentration
was maintained at 405 µmol mol−1, and the air flow rate was set to 300 µmol/s.
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Figure 1. Example of how shade was achieved using reinforcing wire, rebar and shade cloth.

Three branches per treatment per plot were selected for the LRC measurements. The
measurements were made on two fully expanded fascicles from the first flush on each selected
branch. The needle fascicles did not completely fill the cuvette; hence, the number of needles
per fascicle and the diameter of the needles were recorded after each measurement in order to
adjust the data for leaf area [36]. Stomatal conductance was measured at all light levels by the
system, but only those at light saturation point were used in this study.

2.4. Storage Carbohydrate Analysis

In December 2022, segments of approximately 14 cm long were excised from each branch.
These segments were placed in a plastic bag, were immediately transferred to an ice chest
containing ice and were transported to the laboratory. The segments were transferred to paper
bags and freeze-dried at −18 ◦C for 96 h. Once completely dried, the samples were finely
ground to pass through a 1 mm2 sieve using a mill grinder. The ground samples were then
sent to a commercial lab for nonstructural carbohydrate and starch quantification.

2.5. Sap Flow Measurement

Sap flow measurements were conducted in situ using the heat balance method with the
Flow 32-1K system, along with SGB 16-WS and SGB 19-WS sap flow sensors (Dynamax, Hous-
ton, TX, USA). Every two weeks between August and November, two to three representative
branches from each treatment (the same branches used in the gas exchange measurements)
were selected for the installation of sap flow sensors (maximum of eight). Before sensor
installation, the branch surface was carefully smoothed, and dead bark was removed using
sandpaper. The branch diameter was measured in two perpendicular directions, and the
average was calculated to estimate the branch’s sap flow area. To prevent the sensor from
sticking to the branch, the branch area was sprayed with release oil. The sensor was then
placed at the base of the branch and encased in aluminum bubble foil to protect it from solar
radiation. Additionally, a clear packing tape was used to secure the aluminum foil above the
sensor to protect it from rainwater and prevent radiation from affecting the readings.

Once the sensors were installed, the system was powered by a 12-volt marine battery
and connected to a solar panel to ensure continuous power supply. The system was con-
nected to a CR1000 data logger (Campbell Scientific, Inc., Logan, UT, USA). The Dynagage
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Flow 32-1K program was used to heat the sensor and record thermocouple temperatures.
Temperature data were collected at intervals of 2 s and were subsequently averaged every
hour. These averaged data were stored in the data logger. Using the collected temperature
data, branch areas and specific parameters for each sensor type, the program calculated the
hourly flow rate in grams of water per hour. This calculated flow rate data was then stored
in the data logger for further analysis. The hourly flow rates were then integrated for each
day to obtain the cumulative grams of water transpired per day.

2.6. Water Potential Measurement

Leaf water potential measurements were carried out in August and October using a
pressure chamber (PMS Instruments Co., Corvallis, OR, USA). Pre-dawn measurements
started at 04:30 h CDT and ended before sunrise. Mid-day measurements were conducted
between 12:30 h and 13:30 h CDT. On each branch, one fully expanded fascicle from the first
flush was detached, put in a Ziplock containing a moist paper towel to prevent dehydration
and kept on ice. All measurements were conducted within two hours of fascicle detachment.

2.7. Statistical Analysis

A linear mixed-model analysis implemented in SAS ver 9.4 (SAS Institute, Inc., Cary,
NC, USA) was used to compare photosynthetic and water relations parameters between
treatments. The model included the shade and block as fixed effects and the branch as a
random effect, repeated according to the month. A generalized linear model (Proc GLM)
was used to compare carbohydrates between treatments. Treatment effects at α = 0.05 were
considered significant. Significant effects were then separated using Tukey’s test.

In R-studio (version 2023.03.1), individual light–response curves were fitted with a
nonrectangular hyperbola equation with least-squares regression, following the method
outlined by Marshall and Biscoe (1980). Six photosynthetic parameters were estimated
from each fitted curve.

Principal component analysis (PCA) was performed on all branches using a total of
10 parameters, consisting of 4 water relations and 6 photosynthetic traits. PCA is a widely
used statistical technique that simplifies complex, high-dimensional data while retaining
trends and patterns. It achieves this by transforming the data into a lower-dimensional
space represented by principal components (PCs). The results obtained from the PCA were
presented in biplots, which visually illustrate the distribution of the parameters along the
first two principal components. Based on the PCA results, scatter plots of the first two
principal components’ scores of each branch were used to predict branch mortality by
examining how branches clustered together. These scatter plots enabled the identification
of patterns or associations that may help determine the likelihood of branch mortality
based on their spatial arrangement and proximity to each other within the plot. Finally, the
threshold values of photosynthetic and water relations parameters that indicate impending
branch mortality were presented using boxplots.

3. Results
3.1. Effect of Shade on Parameters of Photosynthetic Light–Response Curve

From each fitted LRC, key physiological parameters, including the assimilation at light
saturation (Amax), dark respiration rate (Rd), apparent quantum yield (AQY), convexity
term (θ), light compensation point (LCP) and light saturation point (LSP), were estimated.
The statistical analysis revealed significant differences in all light–response parameters
among the treatments (p ≤ 0.05, Table 2). Notably, all parameters, except for θ, exhibited
a decreasing trend with increasing shade levels. The mean values were found to be the
lowest under the deepest shade (60 percent shade), followed by 30 percent shade, and they
were the highest under full light conditions (0 percent shade). Furthermore, consistently
significant differences were observed between the deepest shade and full light for all
parameters. In the deepest shade treatment, significant reductions were observed in the
following parameters compared to the full light treatment: Amax decreased by 39.8, Rd
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decreased by 50.0%, AQY decreased by 38.9%, LCP decreased by 28.1%, and LSP decreased
by 35.1%. Conversely, θ showed a significant increase of 81.7% from the full light treatment
to the deepest shade treatment.

Table 2. Effects of shade treatments on the parameters of photosynthetic light–response curve.

Treatment Mean Std Error

Assimilation at Light Saturation (µmol CO2 m−2 s−1)
0 percent 7.1593 a 0.5915
30 percent 5.6694 a,b 0.6029
60 percent 4.3087 b 0.6142
Dark Respiration (µmol CO2 m−2 s−1)
0 percent 1.3268 a 0.1174
30 percent 0.9777 b 0.1196
60 percent 0.6638 b 0.1218
Apparent Quantum Yield (µmol CO2 µmol −1 quanta)
0 percent 0.0427 a 0.0045
30 percent 0.0383 a,b 0.0046
60 percent 0.0261 b 0.0046
Theta
0 percent 0.0891 a 0.1174
30 percent 0.0651 a 0.1189
60 percent 0.4876 b 0.1209
Light Compensation Point (µmol m−2 s−1)
0 percent 37.7372 a 1.9196
30 percent 30.7806 b 1.9491
60 percent 27.1304 b 1.9836
Light Saturation Point (µmol m−2 s−1)
0 percent 605.3300 a 45.5826
30 percent 536.9100 a 46.2257
60 percent 390.3500 b 47.0563

For each parameter, the same letter means no significant difference at p < 0.05.

3.2. Effect of Shade on Storage Carbohydrate

The shade treatment had a significant impact on the amount of nonstructural carbo-
hydrate (NSC) stored in the branch wood (p = 0.0282) in December 2022 (Figure 2). An
inverse relationship was observed between the shade level and NSC, with branches under
the deepest shade showing a 41.4% lower NSC compared to branches under full light. The
NSC content in branches under the 30 percent shade treatment did not significantly differ
from those under the deepest shade and full light. The amount of starch in storage did
not show a significant treatment effect (p = 0.1221). Moreover, there was no clear pattern
observed in the percentage of starch content, with the highest value observed in the 30
percent shade treatment. This value was reduced by 38.02% and 79.09% in branches under
full light and the deepest shade, respectively.
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3.3. Effect of Shade on Water Relations

Significant variations were evident in stomatal conductance (gs) and sap flow among
the different treatments (Table 3). Similar to other light–response parameters, a consistent
decrease in gs and sap flow was observed with increasing shade levels. Significance
differences were observed between the deepest shade and full light for both gs and sap flow,
whereas no significant difference was found between the 30 percent shade and deepest
shade treatments. However, pre-dawn water potential (Ψpre-dawn) and mid-day water
potential (Ψmid-day) were not affected significantly by the treatments (Table 3); they showed
a decreasing trend with increasing shade levels. Among the treatments, full light had the
highest Ψpre-dawn and Ψmid-day, followed by 30 percent shade, and the deepest shade had
the lowest value.

Table 3. Effects of shade treatments on water relations parameters.

Treatment Mean Std Error

Stomatal conductance (mmol m−2 s−1)
0 percent 0.0423 a 0.0046
30 percent 0.0321 a,b 0.0048
60 percent 0.0250 b 0.0049
Sap flow (g/day)
0 percent 220.4600 a 24.5518
30 percent 130.2300 b 25.8615
60 percent 62.4087 b 27.1485
Pre-dawn water potential (MPa)
0 percent −1.0642 a 0.1656
30 percent −1.1700 a 0.1425
60 percent −1.3423 a 0.1687
Mid-day water potential (MPa)
0 percent −1.9017 a 0.2306
30 percent −2.1921 a 0.2328
60 percent −2.3391 a 0.2953

For each parameter, the same letter means no significant difference at p < 0.05.

3.4. Principal Component Analysis of Branch Mortality

Principal component analysis (PCA) was conducted to determine the principal com-
ponents of photosynthetic and water relations parameters that best characterized shade-
induced mortality in branches. This analysis aimed to classify branches based on their
mortality status. PCA was performed on a monthly basis from August to November 2022.
The orthogonal transformation was applied, ensuring that PC1 accounted for the largest
variance, averaging 69.04% across months, whereas PC2 accounted for an average of 13.19%
of the total variation. In September and November, the combined contribution of PC1 and
PC2 explained 82.67% and 90.78% of the variation, respectively, and 75.62% and 79.87% of
the variation in August and October, respectively. It is important to note that Ψpre-dawn and
Ψmid-day were not measured in September and November. Consequently, these parameters
were excluded from the analysis during those two months.

Figure 3a–d present the biplot analysis results, illustrating the correlations between
the parameters and the principal components for each month. Negative correlations were
observed among the parameters except for θ, in all months. Consequently, branches with
higher PC1 scores tended to exhibit lower values for all parameters, except for θ. Consis-
tently, PCA demonstrated higher PC1 eigenvector values for photosynthetic parameters
and lower values for water relations parameters. Based on this observation, a biplot of PC1
and PC2 was utilized to classify branches according to their mortality status (Figure 4a–d).
Considering that PC1 accounted for a substantial portion of the total variation, ranging
from 59.32% to 82.37%, branches with positive PC1 values, indicating lower values for all
measured parameters except θ, were classified as experiencing mortality, whereas those
with negative values were classified as surviving.
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At the end of the 2022 growing season, a total of 11 branches survived, and mortality
was evident in 7 branches. The classification results obtained from the PCA were compared
with the actual branch status, and the accuracy of the classifications is presented in Table 4.
In the month of August, the status of 15 out of 18 branches was accurately classified, and in
September, 14 out of 18 branches were correctly classified. Due to the death of a branch in
October, it could not be measured, resulting in a sample size of 17 branches, of which 14
were accurately classified. In November, measurements were obtained for 13 branches, with
6 of them being correctly classified. The results revealed that the PCA-based classification
could predict mortality as early as four months before it became evident. However, in
November, a lower accuracy was observed. This could be attributed to the reduced sample
size. However, more importantly, this could also be attributed to the study concluding a
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month later, and many branches wrongly classified as undergoing mortality would likely
have died if the study had continued for a longer period.
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of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 

Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 

1 N01 Alive ✓ ✓ ✓ ✗ 

2 N02 Dead ✗ ✓ ✓ * 

3 N05 Alive ✓ ✓ ✓ ✓ 

*
6 N304 Dead
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3.5. Comparative Analysis of Photosynthetic and Water Relations Traits between Dying and 

Surviving Branches 

Figure 5 presents the analysis of the physiological characteristics of dead branches, 

which were measured in the month preceding their mortality, and of surviving branches, 

which were taken in the final month of measurement (November 2022). This analysis re-

veals the threshold values of photosynthetic and water relations parameters, which indi-

cate when a branch is expected to die. 

Significant differences (p ≤ 0.05) were observed between the surviving and dying 

branches for all parameters except for LCP and LSP. Before mortality became visibly ob-

vious, the mean values of Amax, Rd, AQY, LCP, LSP, gs and sap flow for the dying branches 

were 2.5202 μmol CO2 m−2 s−1, 0.0139 μmol CO2 m−2 s−1, 0.3167 μmol CO2 μmol −1 quanta, 

25.0009 μmol m−2 s−1, 349.8654 μmol m−2 s−1, 0.0039 mmol m−2 s−1 and 3.5125 g/day, respec-

tively. Compared to the surviving branches, these values represented a substantial de-

crease of 45.08%, 50.61%, 58.18%, 11.14%, 22.99%, 83.71% and 91.68%, respectively. Con-

versely, the mean θ value for the dying branches was 0.5987, representing a considerable 

increase of 70.92% compared to the surviving branches. 
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Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 

1 N01 Alive ✓ ✓ ✓ ✗ 

2 N02 Dead ✗ ✓ ✓ * 

3 N05 Alive ✓ ✓ ✓ ✓ 
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4 N301 Alive ✓ ✓ ✓ ✓ 

5 N303 Dead ✓ ✗ ✓ * 

6 N304 Dead ✓ ✗ ✓ * 

7 N602 Dead ✓ ✓ * * 

8 N603 Alive ✗ ✓ ✓ ✗ 

9 N604 Dead ✓ ✓ ✓ ✓ 

10 S01 Alive ✓ ✓ ✓ ✓ 

11 S02 Alive ✓ ✓ ✓ ✓ 

12 S04 Alive ✓ ✓ ✗ ✗ 

13 S302 Alive ✓ ✓ ✓ ✗ 

14 S304 Alive ✗ ✗ ✗ ✗ 

15 S305 Alive ✓ ✗ ✗ ✗ 

16 S601 Alive ✓ ✓ ✗ ✗ 

17 S603 Dead ✓ ✓ ✓ ✓ 

18 S605 Dead ✓ ✓ ✓ * 
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3.5. Comparative Analysis of Photosynthetic and Water Relations Traits between Dying and 

Surviving Branches 

Figure 5 presents the analysis of the physiological characteristics of dead branches, 

which were measured in the month preceding their mortality, and of surviving branches, 

which were taken in the final month of measurement (November 2022). This analysis re-

veals the threshold values of photosynthetic and water relations parameters, which indi-

cate when a branch is expected to die. 

Significant differences (p ≤ 0.05) were observed between the surviving and dying 

branches for all parameters except for LCP and LSP. Before mortality became visibly ob-

vious, the mean values of Amax, Rd, AQY, LCP, LSP, gs and sap flow for the dying branches 

were 2.5202 μmol CO2 m−2 s−1, 0.0139 μmol CO2 m−2 s−1, 0.3167 μmol CO2 μmol −1 quanta, 

25.0009 μmol m−2 s−1, 349.8654 μmol m−2 s−1, 0.0039 mmol m−2 s−1 and 3.5125 g/day, respec-

tively. Compared to the surviving branches, these values represented a substantial de-

crease of 45.08%, 50.61%, 58.18%, 11.14%, 22.99%, 83.71% and 91.68%, respectively. Con-

versely, the mean θ value for the dying branches was 0.5987, representing a considerable 

increase of 70.92% compared to the surviving branches. 

 

Forests 2023, 14, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 4. Survival or mortality of branches as classified by PCA of photosynthetic and water rela-

tions parameters in (a) August, (b) September, (c) October and (d) November. The numbers in the 

figure represent individual branches and are used in Table 4. 

At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-

pared with the actual branch status, and the accuracy of the classifications is presented in 

Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-

fied, and in September, 14 out of 18 branches were correctly classified. Due to the death of 

a branch in October, it could not be measured, resulting in a sample size of 17 branches, 

of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 

Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 

1 N01 Alive ✓ ✓ ✓ ✗ 

2 N02 Dead ✗ ✓ ✓ * 

3 N05 Alive ✓ ✓ ✓ ✓ 

Forests 2023, 14, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 4. Survival or mortality of branches as classified by PCA of photosynthetic and water rela-

tions parameters in (a) August, (b) September, (c) October and (d) November. The numbers in the 

figure represent individual branches and are used in Table 4. 
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Surviving Branches 
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which were measured in the month preceding their mortality, and of surviving branches, 

which were taken in the final month of measurement (November 2022). This analysis re-
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Significant differences (p ≤ 0.05) were observed between the surviving and dying 
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crease of 45.08%, 50.61%, 58.18%, 11.14%, 22.99%, 83.71% and 91.68%, respectively. Con-

versely, the mean θ value for the dying branches was 0.5987, representing a considerable 

increase of 70.92% compared to the surviving branches. 
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At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-

pared with the actual branch status, and the accuracy of the classifications is presented in 

Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-

fied, and in September, 14 out of 18 branches were correctly classified. Due to the death of 
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of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 

Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 

1 N01 Alive ✓ ✓ ✓ ✗ 

2 N02 Dead ✗ ✓ ✓ * 

3 N05 Alive ✓ ✓ ✓ ✓ 
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At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-
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Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-
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dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 
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Table 4. Accuracy of classifications recorded using PCA. 
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At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-

pared with the actual branch status, and the accuracy of the classifications is presented in 

Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-

fied, and in September, 14 out of 18 branches were correctly classified. Due to the death of 

a branch in October, it could not be measured, resulting in a sample size of 17 branches, 

of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 

Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 

1 N01 Alive ✓ ✓ ✓ ✗ 

2 N02 Dead ✗ ✓ ✓ * 

3 N05 Alive ✓ ✓ ✓ ✓ 
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Figure 4. Survival or mortality of branches as classified by PCA of photosynthetic and water rela-
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figure represent individual branches and are used in Table 4. 

At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-

pared with the actual branch status, and the accuracy of the classifications is presented in 

Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-

fied, and in September, 14 out of 18 branches were correctly classified. Due to the death of 

a branch in October, it could not be measured, resulting in a sample size of 17 branches, 

of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 

Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 

1 N01 Alive ✓ ✓ ✓ ✗ 

2 N02 Dead ✗ ✓ ✓ * 

3 N05 Alive ✓ ✓ ✓ ✓ 
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increase of 70.92% compared to the surviving branches. 
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versely, the mean θ value for the dying branches was 0.5987, representing a considerable 

increase of 70.92% compared to the surviving branches. 
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At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-

pared with the actual branch status, and the accuracy of the classifications is presented in 

Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-

fied, and in September, 14 out of 18 branches were correctly classified. Due to the death of 

a branch in October, it could not be measured, resulting in a sample size of 17 branches, 

of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 
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increase of 70.92% compared to the surviving branches. 
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Figure 4. Survival or mortality of branches as classified by PCA of photosynthetic and water rela-

tions parameters in (a) August, (b) September, (c) October and (d) November. The numbers in the 

figure represent individual branches and are used in Table 4. 

At the end of the 2022 growing season, a total of 11 branches survived, and mortality 

was evident in 7 branches. The classification results obtained from the PCA were com-

pared with the actual branch status, and the accuracy of the classifications is presented in 

Table 4. In the month of August, the status of 15 out of 18 branches was accurately classi-

fied, and in September, 14 out of 18 branches were correctly classified. Due to the death of 

a branch in October, it could not be measured, resulting in a sample size of 17 branches, 

of which 14 were accurately classified. In November, measurements were obtained for 13 

branches, with 6 of them being correctly classified. The results revealed that the PCA-

based classification could predict mortality as early as four months before it became evi-

dent. However, in November, a lower accuracy was observed. This could be attributed to 

the reduced sample size. However, more importantly, this could also be attributed to the 

study concluding a month later, and many branches wrongly classified as undergoing 

mortality would likely have died if the study had continued for a longer period. 

Table 4. Accuracy of classifications recorded using PCA. 

   Classification by month 

No. Branch ID Status August September October November 
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3 N05 Alive ✓ ✓ ✓ ✓ 
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Figure 5. Variations in measured parameters between dying (0) and surviving (1) branches as
illustrated by box plots. Boundaries of the box plot are represented by the 25th- and 75th-percentiles,
the median line within the plot, and circles indicate outliers.

Significant differences (p ≤ 0.05) were observed between the surviving and dying
branches for all parameters except for LCP and LSP. Before mortality became visibly
obvious, the mean values of Amax, Rd, AQY, LCP, LSP, gs and sap flow for the dying
branches were 2.5202 µmol CO2 m−2 s−1, 0.0139 µmol CO2 m−2 s−1, 0.3167 µmol CO2
µmol −1 quanta, 25.0009 µmol m−2 s−1, 349.8654 µmol m−2 s−1, 0.0039 mmol m−2 s−1 and
3.5125 g/day, respectively. Compared to the surviving branches, these values represented
a substantial decrease of 45.08%, 50.61%, 58.18%, 11.14%, 22.99%, 83.71% and 91.68%,
respectively. Conversely, the mean θ value for the dying branches was 0.5987, representing
a considerable increase of 70.92% compared to the surviving branches.
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4. Discussion
4.1. Effect of Shade on Parameters of Photosynthetic Light–Response Curve

Light–response curves describe the relationship between the rate of photosynthesis
and light intensity. They provide valuable insight into key photosynthetic parameters, such
as Amax, Rd, AQY, θ, LCP and LSP [37]. Light–response curves have gained widespread
application in quantifying photosynthetic acclimation to changing environmental condi-
tions [38]. In this study, a statistical analysis revealed significant differences in all light–
response parameters among the different shade treatments, indicating that shade levels
have a substantial impact on the photosynthetic responses of branches. Consistent with
previous research on light responses [23,26,38–40], a decreasing trend was observed in
most parameters as shade levels increased. This trend suggests that shade resulted in lower
activity of ribulose bisphosphate carboxylase/oxygenase (Rubisco) [41], a key enzyme in
carbon fixation, and altered stomatal density and distribution, leading to reductions in
gas exchange efficiency [42]. The observed higher photosynthetic capacity in branches
exposed to full light conditions compared to shade branches may also be attributed to
the greater allocation of resources, such as nitrogen, to needles in sunlit positions [43] or
potential changes in chloroplast organization or needle morphology [44,45]. Sun-grown
needles have been found to have a higher leaf mass area and thicker palisade and mes-
ophyll layers, which enhance photosynthetic activities [46]. Interestingly, the convexity
term (θ) of the LRC exhibited an opposing trend, showing a significant increase from full
light conditions to the deepest shade treatment. This result aligns with previous studies
linking acclimation to light environments with higher convexities of photosynthetic LRC in
shade-adapted branches compared to sun branches [47,48]. The convexity term indicates
how efficiently the branch foliage’s photosynthesis responds to changes in light availability.
This adjustment allows them to maximize photosynthetic efficiency and utilize as much
light as possible, despite the low light levels in their environment.

4.2. Effect of Shade on Storage Carbohydrate

Carbon balance is a crucial aspect of plant performance, and the stress-induced deple-
tion of NSC has been proposed as a potential mechanism underlying tree mortality [49]. In
our study, the depletion of stored NSC was observed under shade, indicating that branches
were utilizing reserves in response to reduced photosynthetic activities. Our findings are
consistent with previous research. For example, Maguire and Kobe [50] reported a decrease
in the total NSC reserves in seedlings of various species under shade. This suggests that the
reduction in light intensity prompted branches to utilize stored carbohydrates to support
vital functions. Interestingly, in our study, starch appeared to be less sensitive to changes in
light availability compared to NSC, which contradicts previous studies conducted across
different species [51–53]. This may be because starch in all branches, regardless of the
treatment, was being converted to soluble carbohydrates for maintenance respiration when
photosynthesis slowed down, as the quantification of storage carbohydrates was con-
ducted in December. Starch reserves play a crucial role as an immediate energy source
that can act as a buffer during times when environmental conditions are not optimal for
photosynthesis [54,55].

4.3. Effect of Shade on Water Relations

Stomatal conductance (gs) plays a fundamental role in the regulation of gas exchange
and water loss in branches. Its sensitivity to various environmental factors, including light,
has been extensively studied [56]. In this study, an increased shade level was associated
with a decrease in gs (Table 3), corresponding with a subsequent reduction in branch
photosynthetic properties. This decrease in gs under low light conditions has been reported
for whole trees [57]. Branches exposed to full light exhibited high transpiration rates,
evident from sap flow measurements, which are a direct consequence of keeping stomata
open under high light conditions. Previous research by Sellin and Kupper [58], which
focused on the effects of light intensity on leaf hydraulic properties in Betula pendula,
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revealed that water flow from soil to shade foliage encountered greater resistance compared
to flow to sun foliage. The observed reduction in gs and sap flow under the deepest
shade treatment in this study does not necessarily indicate a higher degree of water stress.
Instead, it may be attributed to the decreased capacity to fix CO2 by the branch under
shaded conditions [59]. Past studies have reported decreased Rubisco and leaf nitrogen
content, resulting in reduced CO2 fixation under shade conditions [60]. The reduction in
gs could also be due to a higher ratio of intercellular CO2 concentration (Ci) to ambient
CO2 concentration (Ca). Under low light conditions, plant respiration leads to a rapid rise
in Ci, whereas the presence of light decreases Ci [61]. Transpiration and water potential
are interconnected processes in plants, in which changes in one can influence the other.
Stomata conservatively regulate plant water status by controlling the rate of water loss
to the atmosphere, such that it matches the capacity of the soil–plant hydraulic system
to supply water to needles. Ψpre-dawn is a reliable indicator of plant water status, as it
reflects water availability in the root zone, and it provides valuable information about
soil water content. On the other hand, Ψmid-day helps identify the maximum water stress,
vulnerability to cavitation and potential mortality. Both Ψpre-dawn and Ψmid-day showed a
decreasing trend as transpiration reduced due to increasing shade levels. However, the
difference was not statistically significant.

4.4. Principal Component Analysis of Branch Mortality

The negative correlations observed among the parameters, except for θ, in all months,
indicated that branches with higher PC1 scores tended to exhibit lower values for all pa-
rameters, except for θ. Remarkably, the LRC parameters consistently displayed higher
eigenvectors compared to the water relations parameters, suggesting that branch mortality
is more influenced by photosynthetic traits than the measured water relations parameters.
Thus, branches that sustained growth and prevented carbon depletion by maintaining
photosynthetic activity had a better chance of survival. These findings underscore the sig-
nificance of carbon dynamics in branch survival or mortality [16]. Under shade conditions,
branches close their stomata to strike a balance between CO2 uptake for photosynthesis
and water loss through transpiration. This adaptive response helps in water and energy
conservation while optimizing resource utilization. However, prolonged stomatal closure
can lead to reduced photosynthesis [62]. Lower photosynthetic rates prompt NSC con-
sumption for maintenance respiration, and if light limitations persist or become severe,
plants may ultimately die [63].

4.5. Comparative Analysis of Photosynthetic and Water Relations Traits between Dying and
Surviving Branches

This analysis identified the threshold values of photosynthetic and water relations
parameters that indicate impending branch mortality. There was a significant decline in
both photosynthetic and sap flow rates observed between the surviving and dead branches.
Prior to the visible signs of mortality, Amax in the dead branches decreased by 45.1%, Rd
exhibited a reduction of 58.2%, gs decreased by 83.9%, and sap flow decreased by 91.7%. In
a study examining mortality in Pinus edulis trees under shade, Sevanto et al. [64] reported
that photosynthesis and respiration rates reached zero at the point of death. Additionally,
they observed permanent stomatal closure and zero transpiration rates in this species
before mortality occurred. Notably, our study’s results exhibit slight differences from their
findings, possibly due to the timing of measurements. Unlike Sevanto et al. [64], who
conducted measurements at the point of death, our study measured physiological changes
one month before mortality became evident.

5. Conclusions

This study provides valuable evidence of the physiological changes occurring in
branches prior to mortality and offers insight into the mechanisms underlying shade-
induced branch mortality. The results provide a means to identify the primary mechanism
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driving mortality. They emphasize the dominance of carbon dynamics and efficient re-
source utilization as mechanisms of branch survival or mortality. Dead branches exhibited
significantly lower photosynthetic rates and carbon reserves and only a slight change in
water potential.

Moreover, this study suggests that PCA could serve as a reliable method for screening
branches and predicting their mortality status. The stronger correlation observed between
PC1 and the photosynthetic parameters further highlights the dominance of carbon starva-
tion over cavitation as the primary cause of shade-induced mortality.

By providing valuable insight into the physiological responses of branches to shade
conditions and the mechanisms of branch mortality in trees, this research has the potential
to improve predictions of tree crown size, growth and biomass allocation. These improve-
ments can enhance process-based forest growth models, ultimately supporting better forest
management practices.
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