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Abstract: Cone development in conifer species is crucial to ensure sexual regeneration. A better un-
derstanding of carbon (C) source-sink relations at the branch level can guide strategies for improving
resource allocation to reproduction. In particular, the evaluation of C relations between vegetative
and reproductive branches is helpful to test whether tree branches are carbon autonomous. With this
aim, we integrated girdling and defoliation treatments with '3C pulse labeling in situ to evaluate C
autonomy in cone-bearing branches of P. koraiensis during the growing season. Girdling significantly
reduced branch volumetric development, branch biomass, and non-structural carbohydrates across
foliar, twig, and cone tissues; it also arrested cone development. Defoliation effects on these variables
were minor, although they tended to increase with defoliation intensity. In addition, 13C increased by
4.5% and 45.4% after 4 h and 24 h of 13C labeling in unlabeled cone-bearing branches, respectively,
indicating the C translocation from labeled vegetative branches. These results indicate that the
cone-bearing branches are not C autonomous and that the development of female cones relies to
a great extent on C import from neighboring branches. However, the amount of C translocated
was largely dependent on manipulative alterations of the source-sink balance, thereby denoting
extensive plasticity in the degree of branch C autonomy. These results shed light on the reproductive
physiology of P. koraiensis.

Keywords: girdling; defoliation; carbon branch autonomy; carbon reserves; carbon allocation; cone
maturation; isotope labeling; Korean pine

1. Introduction

Carbon (C) and mineral nutrients assimilated into leaves are subject to a complex
regulation to coordinate plant growth, reproduction, storage, defense, and maintenance
of metabolic processes [1,2]. Roots import photoassimilates via phloem, which is mostly
sucrose down a concentration gradient from the leaves [3]. Above the ground, flowers,
fruits, buds, and young leaves and branches have non-negligible rates of photosynthesis
that are insufficient to achieve their full development, so they import photoassimilates from
neighboring adult leaves [4,5]. The distance between and activity of source and sink organs
are the main determinants of phloem transport direction and intensity [6,7]. Thus, the C
autonomy of developing organs is strongly related to their sink strength and connection
with neighboring C sources.

Tree crowns can be considered as fully integrated modular systems made up of
branches that are autonomous in assimilation, allocation, and utilization of C and min-
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eral nutrients [7-9]. The theory of branch autonomy has long received attention in tree
physiological studies [8,10,11]. In support of this theory, some studies have reported that
branches are fully autonomous and do not need to import photoassimilates from other
organs [8,12]. On the contrary, the C consumed during branch growth or reproduction can
exceed the supply of recent photoassimilates and carbohydrates stored in woody tissues of
the branch. Thus, some studies have shown that photoassimilates are transported from
adjacent vegetative branches to reproductive branches [13,14]. The disparity of results on C
autonomy is likely related to the sink strength of target branches, which in turn is primarily
related to branch age, canopy position, and fruit bearing load [15-17]. In line with this, the
resource accumulation hypothesis [18] states that plant tissues need to store C in order to
support massive fruit production in masting species.

The evaluation of C relations between vegetative and reproductive branches has
helped to illustrate branch C autonomy and, more broadly, source-sink relationships and
tree physiology. Manipulative experiments on manageable branches and small trees have
applied girdling [19,20], defoliation and pruning [21-23] to shed light on the topic. Defolia-
tion has variable impacts on C allocation to growth, storage or defense depending on the
extent of defoliation, compensatory photosynthesis in remaining leaves, and downregula-
tion of C sinks in different parts of the tree. For example, a reduction in stem secondary
growth can sometimes compensate for low C gain caused by defoliation and result in simi-
lar branch non-structural carbohydrate concentrations in defoliated and non-defoliated
trees [23,24]. Meanwhile, an increase in photosynthesis per unit leaf area can compensate
for partial defoliation and result in similar growth in partially defoliated and non-defoliated
trees [25,26]. The practice of girdling has been amply applied to orchard trees to increase
fruit set [20,27,28]. Assuming reproductive branches are C autonomous, their girdling aims
at stopping the export of phloem-transported sugars to vegetative organs and increasing
fruit size and sugar concentration. Compared to studies exploring separate effects of
defoliation and girdling on C relations in reproductive branches, few studies have explored
the combined effects of both treatments [8,12,29].

Carbon isotope labeling has also been widely applied to study the fate of photoassim-
ilates within the tree. The use of 13C is less costly, safer, and more convenient for signal
detection than that of the radioisotope *C. The transfer of 1*C-photoassimilates has been
extensively studied in grassland plants [30], tree saplings [31,32], and adult trees [33-35]—
mostly orchard trees [36,37]. Whole-tree labeling allowed Sha et al. [38] to study fruit sink
activity across the growing season; authors found higher 3C-photoassimilate transfer to
fruit 120 to 135 days after flowering. Branch labeling provided contrasting results in terms
of C autonomy in reproductive branches, from mostly autonomous in Prunus persica [36] to
mostly dependent in Pyrus pyrifolia [37]. There are few reports of in situ labeling on forest
tree species under natural conditions [33,34,39].

Branch C autonomy has been mostly investigated on orchard plants [9,20,27,29,36-38]
due to their economic importance, in broadleaf species [8,10,12,14,34], and, to the best of
our knowledge, only a few studies have been performed in conifer species [40,41]. Pinus
koraiensis Siebold & Zucc. (Korean pine) is one of the most important native tree species
in northeastern China; it thrives naturally between North Korea in the north and far east
Russia in the south [42]. P. koraiensis has been extensively used as a major source of timber
and edible pine nuts because of the excellent properties of its wood and the nutritional
value of the pine nuts [43]. P. koraiensis is one of the major nut trees in the world, but its
cultivation remains at an early stage of domestication compared to other similar orchard
trees (e.g., almond or walnut). Thus, nut production is still based on wild genotypes.
One of the greatest management issues in nut production is the masting behavior of the
species. High costs of reproduction during masting years can induce trade-offs in resource
allocation to other functions, such as growth, defense, and reproduction, in the following
years. Because plants are modular organisms, strategies for improving resource allocation
to reproduction can benefit from studies on C source-sink relationships at the branch level.
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Here, we examined the C autonomy of reproductive branches of P. koraiensis by means
of two manipulative experiments. In Experiment 1, girdling and defoliation of cone-bearing
(i.e., reproductive) branches were applied in a factorial manner. In Experiment 2, 13C
labeling was applied to vegetative branches to track the movement of '*C-photoassimilates
to adjacent reproductive branches, with the main branch supporting both the vegetative
and reproductive branches being either girdled or ungirdled. The main objective is to
discover whether growth, concentration of non-structural carbohydrates, and reproductive
output (e.g., cone number, cone biomass, and seed content) of reproductive branches
are dependent on carbohydrates assimilated in neighboring vegetative branches. We
hypothesized that if branches were C autonomous, defoliation of reproductive branches
would have a major effect on their performance, due to the lack of local photoassimilates,
and girdling a minor effect. Alternatively, if branches were not C autonomous, defoliation
would have a minor effect and girdling a major effect, due to the arrested import of non-
structural carbohydrates to reproductive branches. Moreover, under the hypothesis of C
autonomy, 1*C infused to vegetative branches would not move to reproductive branches
independently of girdling of the main supporting branch.

2. Materials and Methods
2.1. Study Site and Sampled Trees

The study site is located at the Maoershan Research Station of the Northeast Forestry
University (127°30'-127°34’E, 45°21'-45°25'N; Heilongjiang, China). The area belongs to
the northwest ridge of the Zhangguangcai Mountains and is characterized by a continental
temperate monsoon climate, with warm humid summers and cold dry winters. The
average annual temperature is 3.1 °C, fluctuating widely between an average monthly
temperature of —19.6 °C during January and 20.9 °C during July. The growing season
lasts from May to September, with an approximate duration of 120-140 days. The mean
annual precipitation is 723 mm, with 477 mm occurring from June to August. The study
site is located 490-510 m above sea level, and its average slope is 150 north-facing. Soils
are Hap-Boric Luvisols, with high organic matter content and good drainage.

Two P. koraiensis plantations of different age were selected to perform two parallel
experiments during the 2018 growing season. One experiment consisted of the application
of defoliation and girdling treatments on tree branches and was conducted in a 54-year-old
plantation (hereafter referred to as Experiment 1). The second experiment consisted of
isotopic labeling and was conducted in a younger 25-year-old plantation to facilitate canopy
accessibility (hereafter referred to as Experiment 2). The year 2018 was a mast year, with
cones being significantly higher in both plantations than in either of the previous two years.
For Experiment 1, six healthy trees with a large production of cones were selected. Trees
were sufficiently spaced to prevent significant shading by neighbors and were accessible for
climbing. Average (+standard error) tree height and diameter at breast height at the time
of measurement were 13.5 (£0.6) m and 34.0 (:3.6) cm, respectively. For Experiment 2,
twelve healthy trees were selected. Crowns of selected trees did not substantially shade
each other. Average (+standard error) tree height and diameter at breast height at the time
of measurement were 3.95 (£0.13) m and 8.57 (£0.19) cm, respectively.

2.2. Experiment 1
2.2.1. Girdling and Defoliation Treatments

Girdling and defoliation treatments were applied to elucidate the origin of photoas-
similates used for cone development and branch growth. Different treatment intensities
were tested for defoliation (0, 50, and 100%) in either girdled or ungirdled branches in a
factorial manner, resulting in six treatment groups: (1) ungirdled and 0% defoliated, namely
control; (2) ungirdled and 50% defoliated; (3) ungirdled and 100% defoliated; (4) girdled
and 0% defoliated; (5) girdled and 50% defoliated; (6) girdled and 100% defoliated. Six
cone-bearing (reproductive) branches per tree were selected from the sun-lit southwest
section of the canopy and one branch per tree was randomly assigned to each treatment
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combination, thereby resulting in six treatment replicates. Average (+standard error)
branch length and diameter were 32.69 (£1.03) cm and 16.56 (£0.77) mm, respectively.
Girdling was performed at the base of treated branches by carefully removing a 1 cm-wide
stripe of bark, phloem, and cambium above the xylem with a razor blade. To minimize
post-girdling desiccation, girdles were tightly covered with parafilm. Defoliation was per-
formed by clipping two-year-old brachyblasts (containing 5 needles each) of the selected
branches, either all brachyblasts (for 100% defoliation) or every second brachyblast (for
50% defoliation). Note that one-year-brachyblasts were not clipped, as these were not
present at the time of treatment application. Treatments were simultaneously applied on
day of year (DOY) 125, and treated branches were harvested on DOY 254.

Branch base diameter, branch length, and number of cones were measured or counted
before treatment application. After harvest, branch base diameter and length were mea-
sured in one-year-old shoots (Y1 hereafter; see Figure S1). Additionally, twig survival
rate was estimated as the percentage of twigs within the treated branch surviving from
DOY 125 to DOY 254. Cone survival rate was estimated likewise. Foliar (needles), twig
(xylem and phloem, including bark), and cone (including the seeds) tissues were manually
separated to determine dry biomass. Tissues were immediately frozen in liquid nitrogen to
stop all biochemical processes and then stored in a freezer at a temperature of —80 °C until
lyophilization. All samples were lyophilized for 48 h and the dry mass was recorded for
each tissue. The dried material was ground into a fine powder in a steel ball mill (Retsch
MM400, German) and dry-stored for further biochemical analyses.

2.2.2. Non-Structural Carbohydrates

Concentration of soluble sugars and starch were determined via spectrophotometry
(model UV-PC01; Shimadzu Corp., Kyoto, Japan) using a modified protocol of the phenol-
sulphuric acid method [44,45]. Briefly, to extract the soluble sugars, 40 mg of dry sample
were dissolved in 80% ethanol (v/v) overnight; the solution was then centrifuged for
10 min at 3000 rpm, and the supernatant was adjusted to 50 mL with deionized water.
Concentration of soluble sugars was determined at 490 nm in 1 mL supernatant with 1 mL
28% phenol solution and 5 mL concentrated sulphuric acid. After this, the powder was
dried overnight at 40 °C. Starch was extracted by hydrolysing the dried pellet at 100 °C
for 3 h and boiling a 3% chlorhydric acid (w/w, 0.08 N) solution for 0.5 h to convert starch
into soluble sugars. The extract was centrifuged for 10 min at 3000 rpm, then filtrated, and
the supernatant adjusted to 25 mL with deionized water. The starch was determined in
1 mL supernatant with 1 mL 28% phenol and 5 mL 98% sulphuric acid (w/w) at 490 nm.
The concentration of non-structural carbohydrates ([NSC]) was estimated as the sum of the
soluble sugar and starch concentration. The NSC content in each organ was estimated by
multiplying [NSC] by the corresponding biomass of each organ.

2.3. Experiment 2
2.3.1. 13CO, Pulse Labeling

Pulse labeling of stable isotope 1*C was applied to a different set of trees to track the
fate of assimilated carbon. Two adjacent branches (hereafter referred to as branch tandem)
from the upper canopy of twelve trees were selected. For each branch tandem, the apical
branch had 2-3 developing female cones (reproductive branch); the second, side branch
had no cones (vegetative branch) and was equipped for isotopic labeling. In addition, on
six of the twelve selected trees, girdling was performed just below the insertion of the side
vegetative branch onto the apical reproductive branch by removing a 2 cm-wide stripe of
bark, phloem, and cambium, as indicated above (see Figure 1 for a schematic of the experi-
mental approach). Vegetative side branches were exposed to '3C-enriched CO,, following
a slightly modified protocol of that described in Kagawa et al. [32] and Miyazaki et al. [46].
For labeling, the whole vegetative branch was enclosed in a 40 cm x 60 cm transparent
polyethylene bag with a light transmittance above 85%. Labeling bags were equipped with
three rubber hoses. The first hose was used for infusion of 3CO, (99% 3C; Cambridge
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Isotope Laboratories, Andover, MA, USA) into the bag using a syringe (a in Figure 1). A
second hose connected the bag to the CO, infrared gas analyzer (Testo 340, China; accuracy
1%) (b in Figure 1). The third hose was used for infusion of CO;-free air, prepared by
passing ambient air through soda lime (c in Figure 1). The plastic bag was kept airtight
by sealing it to the branch base with fat clay and wrapping the opening with a string
to avoid mechanical girdling. Preliminary tests showed that after ca. 20 min of sealing,
the concentration of CO, ([CO,]) inside the bag decreased from 400 ppm to 50 ppm. To
maintain an initial [CO,] target of ca. 400 ppm, 30 mL of 1*CO, were infused every 20 min.
Thus, labeled branches took up approximately 60 mL of 1*C over the duration of the
one-hour labeling period. To prevent CO, gradients in the air within the bag and water
condensation on the inner surface of the plastic bag, the air inside the bag was constantly
circulated with a vertically mounted electric fan (d in Figure 1). Additionally, a small
amount of silica gel (ca. 10 g) wrapped in gauze was placed over the electric fan to absorb
water. The labeling pulse was carried out in situ on DOY 212, during the period of cone
development; branches were girdled the day before labeling. Branches were exposed to
13CO, for 1 h, and 4 h and 24 h afterwards both the vegetative (labeled) and adjacent,
reproductive (unlabeled) branches were harvested (three girdled and ungirdled trees at
each time). Samples were separated into foliar, twig, and cone tissues as indicated above.
To estimate the natural abundance of 3C in different organs, baseline samples were taken
from different trees located far away from labeled trees (>30 m), thereby minimizing *C
enrichment that originated from 13CQ, efflux from labeled trees [47].

Girdled

Figure 1. Scheme of the 13CO, pulse labeling experiment. In each selected tree, a pair of branches were either ungirdled
(Control) or girdled (Girdled; red circle) (n = 6) at the insertion point. The lateral branch bearing no cones (i.e., vegetative
branch; VB) was labeled with 13CO; to evaluate potential transport of assimilated '>C to the apical reproductive branch (RB).
a: Infusion of '3CO,; b: CO, infrared gas analyzer; c: Infusion of CO,-free air, prepared by passing ambient air through
soda lime; d: Electric fan with silica gel.

2.3.2. Isotopic Analysis

About 2 mg samples were weighed in tinfoil caps using a microbalance (accuracy
0.1 pg; Sartorius SE2 Mettler Toledo XP2U). Samples were analyzed with an elemental ana-
lyzer (NC 2500; CE Instruments, Milan, Italy) and an isotope ratio mass spectrometer (MAT
252; Thermo Electron, Bremen, Germany) to determine 13C abundance (a'3C), expressed
here in delta notation relative to the Vienna PeeDee belemnite (V-PDB) standard (5'3C, %o).
The standard deviation for replicate combustions of our internal standards (DL-alanine)
was 0.07 %o.

The excess of 13C was calculated according to Kagawa et al. [32] and Ge et al. [30] as
the difference in a'3C between labeled and baseline samples:

Excess °C = a13Csample — a'3Cbsl 1)
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The assimilation of labeled '*C (g) into foliar (CF), twig (CT), and cone (CC) tissues
was calculated as:
13C assimilation = Excess *C x [C] x DB )

where [C] (g g~!) and DB (g) are the C concentration and the dry biomass of the corre-
sponding tissue. The total assimilation of labeled *C was then estimated separately for
vegetative and reproductive branches as the sum of *C assimilated in foliar, twig, and
reproductive tissues:

BCtotal = °CF + °CT + PCC ®)

Finally, we estimated the percentage of retention of '3C assimilated in vegetative
branches relative to the amount of '3C assimilated by both vegetative and reproduc-
tive branches.

2.4. Statistical Analyses

Statistical analyses were performed using SPSS 21.0 (SPSS, Chicago, IL, USA). For
Experiment 1, linear mixed models were adjusted per surveyed variable, considering tree
as a random factor. Girdling, defoliation, and their interaction were treated as fixed factors.
When significant, post-hoc LSD tests were applied for multiple comparisons of treatment
combinations. Surveyed variables include branch diameter and length, living cone number,
twig and cone survival rate, foliar, twig, cone and seed biomass, and tissue [NSC] and
NSC content. For Experiment 2, mean values and the standard error of §!3C and 13C
assimilations were separately calculated for each tissue (foliar, twig, and cone), type of
branch (vegetative and reproductive), treatment (girdled and ungirdled), and for both
harvesting periods (4 h and 24 h after the labeling pulse). A two-way ANOVA was used
for both vegetative and reproductive branches to determine the effect of harvesting time
and girdling on the 5'*C and '3C assimilations within each branch x tissue combination.

3. Results
3.1. Experiment 1
3.1.1. Branch Growth

Girdling had a major effect on branch growth in comparison with defoliation. The
interaction between defoliation intensity and girdling was not significant at p < 0.05 for
most of the surveyed variables (Table S1).

Defoliation (of 50% and 100%) of two-year-old needles had a minor, generally insignif-
icant effect on the production of new needles and the development of new, one-year-old
twigs (Figure 2a—d). Girdling resulted in short, poorly-developed one-year-old twigs that
hardly bore any needles (Figure 2a—d, Figure S2). Girdling effects on two-year-old twigs
were less evident than in one-year-old twigs but still significant, independently of defolia-
tion intensity (Figure 2e—f). All twigs of ungirdled branches survived the study period, but
none survived in the girdled branches (Figure S3a).
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Figure 2. Needle and twig biomass and twig dimensions (length and diameter) of one-year-old (Y1; a—d) and two-year-old
(Y2; e,f) Pinus koraiensis branches in response to girdling and defoliation treatments. One-year-old needle biomass was nil
in girdled branches. Bars and arrows represent the mean and corresponding standard error, respectively, per treatment
combination. Different capital letters indicate a significant effect of girdling for a given defoliation intensity (p < 0.05).
Different lowercase letters indicate significant differences among defoliation intensities for a given girdling group (p < 0.05).
Means were compared using LSD tests.

3.1.2. Reproductive Output

Girdling had a major effect on reproductive output (i.e., mature cone number, cone
biomass, and seed biomass; Figure 3a—c). The cones of girdled branches, visible before
girdling, stopped their development and produced no sound seed. That is, cone survival
rate was nil in girdled branches and 100% in ungirdled branches (Figure S3b). In compar-
ison, defoliation had no significant effect on these metrics, independent of the girdling
treatment (Figure 3a—c).
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Figure 3. Number of mature cones (a) and cone and seed biomass (b—c) in response to girdling
and defoliation treatments in Pinus koraiensis. The number of mature cones and the seed biomass
were nil in girdled branches. Bars and arrows represent the mean and corresponding standard
error, respectively, per treatment combination. Different capital letters indicate a significant effect of
girdling for a given defoliation intensity (p < 0.05). Different lowercase letters indicate significant
differences among defoliation intensities for a given girdling group (p < 0.05). Means were compared
using LSD tests.

3.1.3. NSC Concentration and Content

Girdling had a significant, negative effect on the [NSC] of one-year-old twigs and
needles (Figure 4a,b), two-year-old twigs and needles (Figure 4c,d), and cones and seeds
(Figure 4e,f). The interaction between defoliation and girdling treatments was significant
for [SS] and [starch] in most of the tissues surveyed (p < 0.05; Figure 4 and Table S1). Thus,
defoliation had a significant, negative effect on [NSC], but only in the case of girdled
branches. In these branches, [NSC] and [SS] decreased with increasing defoliation intensity
in one- and two-year-old twigs (Figure 4a,c), and in the cones (Figure 4e); similar but less
marked declines were observed for [starch]. In ungirdled branches, defoliation had a more
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moderate impact. The results for NSC content, calculated from the product of [NSC] and
organ biomass, were similar (Figure S4).
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Figure 4. Non-structural carbohydrate concentration ([NSC]) of one-year-old (Y1; a, b and e) and two-year-old
(Y2; ¢, d and f) Pinus koraiensis branches in response to girdling and defoliation treatments. One-year-old needle and
seed [NSC] was nil in girdled branches. Bars and arrows represent the mean and corresponding standard error, respectively,
per treatment combination. Different capital letters indicate a significant effect of girdling for a given defoliation intensity
(p < 0.05). Different lowercase letters indicate significant differences among defoliation intensities for a given girdling group

(p < 0.05). Means were compared using LSD tests.

3.2. Experiment 2
3.2.1. §'3C in Needles, Twigs, and Cones

To evaluate the contribution of photoassimilates imported from vegetative branches
to the development of reproductive branches, 5'3C in tissues from vegetative (}3C-labeled)
and reproductive (unlabeled) branches were analyzed (Figure 5). The effects of harvesting
time, girdling, and harvesting time x girdling on mean §'3C values were statistically
significant for all tissues in both vegetative and reproductive branches (p < 0.05; Figure 5
and Table S2).
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Figure 5. Carbon isotopic composition (813C) in needle (a,b), twig (¢,d), and cone (e) tissues after 4 h and 24 h of the Bco,
labeling pulse to which vegetative branches of Pinus koraiensis were subjected. Each tandem of branches was girdled or

remained ungirdled (n

= 6). Dotted lines indicate the baseline §1°C measured in unlabeled trees (control). Bars and arrows

represent the mean and corresponding standard error. Different capital letters indicate significant differences between
girdling treatment levels for a given harvesting time (p < 0.05). Different lowercase letters indicate significant differences
between harvesting times for a given girdling treatment (p < 0.05). Means were compared using LSD tests.

Mean baseline §13C in needle, twig, needle, and cone tissues sampled in unlabeled
trees ranged from —27.4%o to —26.6%o (see dotted lines in Figure 5). Sampling time largely
affected 5'3C throughout branch-types and tissues. After labeling, mean §'3C was positive
and highest in needles of vegetative branches, especially after 4 h of the labeling-pulse,
and decreased from vegetative to reproductive branches (Figure 5a,b). Twenty-four h after
labeling, §'3C decreased in the needles, and increased in twigs of vegetative branches
(reaching positive values) and in the needles of reproductive branches under the girdling
treatment (i.e., export/import of 13C-photoassimilates was arrested; Figure 1; Figure 5a—d).
Overall, the effect of girdling on tissue §'3C was modest 4 h after labeling and considerable
higher 24 h after labeling. At this time and compared to ungirdled branches, girdled
branches exhibited lower 8'3C in needles and twigs of vegetative (labeled) branches, and
higher 5'3C in needles, twigs, and cones of reproductive (unlabeled) branches (Figure 5).
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3.2.2. 13C-photoassimilate Allocation

Relative to the total amount of recovered label, allocation of 13C—pho’coassimilates in
the vegetative (labeled) branches reached their maximum 4 h after labeling: 93.8% and
95.5% in girdled and ungirdled branches, respectively (Figure 6). Assimilation in needles
contributed to the largest extent to these percentages (77.1% and 86.2% in girdled and
ungirdled branches, respectively). Twenty-four hours post-labeling, 3C allocation was
similar in ungirdled branches, but remarkably different in girdled branches. At this time,
the amount of label detected in vegetative branches accounted for 54.6% and 92.2% of
the recovered label in girdled and ungirdled branches, respectively (Figure 6); in girdled
branches, allocation of 13C-photoassimilates reached 14.5%, 17.2%, and 13.7% in twigs,
needles, and cones of reproductive branches, respectively.
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Figure 6. Allocation of 1BC photoassimilates throughout tissues (needles, twigs, and cones) of
vegetative (VB) and reproductive (RB) branches after 4 h and 24 h of 13¢C pulse labeling in VB of
Pinus koraiensis. Each tandem of branches were girdled (G) or remained ungirdled (UG) (1 = 6). Mean
values (%) are given relative to the total amount of label recovered across sampled tissues and branch
types. Abbreviations: RB-N: Needles of reproductive branch; RB-T: Twig of reproductive branch;
VB-N: Needles of vegetative branch; VB-T: Twig of vegetative branch.

4. Discussion
4.1. Girdling and Defoliation Denote Translocation of Photoassimilates among
Neighboring Branches

Tree branches are considered as C autonomous when assimilates from local photo-
synthesis and local reservoirs are self-sufficient to fulfill C requirements for maintenance,
growth, and reproductive metabolism. Numerous examples in literature demonstrate
that branches can be fully C autonomous [8,10,12,48]. For example, by applying a similar
girdling by defoliation treatment combination to the one used here, Hoch [8] found that
branches of three tree angiosperm species were C autonomous. Other examples, however,
illustrate a gradient between completely C autonomous and completely C dependent
branches [14,29,37,49]. Our results clearly refute the idea of C autonomy in cone-bearing
branches of P. koraiensis, which exhibited a strong dependency on distant C sources. Defoli-
ation (of two-year-old needles) in ungirdled branches had little effect on overall branch
development and growth. Specifically, the number of newly emerged one-year-old needles
and cones per branch, branch dimensional traits (length and diameter), and biomass of
different organs (needles, twigs, and cones) tended to decrease with increasing defoli-
ation intensity; this reduction, however, was not significant for any of these variables
(Figures 2 and 3). Furthermore, branch dieback or cone abscission did not occur after defo-
liation. The mostly neutral response to defoliation suggests a limited role of local foliar
photosynthesis of previous-year needles on branch development and reproduction, and
therefore a substantial contribution of other C sources. These C sources are likely located
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in adjacent branches or the main stem, as found in orchard species such as Japanese pear
(Pyrus pyrifolia Nakai) [37] and hazelnut (Corylus avellana L.) [29]. Carbon shortage due
to defoliation could have been mitigated by local reserves stored prior to defoliation and
photoassimilates from chloroplast-containing cells in woody tissues [50,51], developing
reproductive structures of green cones [52,53], and even from new needles grown after
defoliation (see Figure S1). Nevertheless, branch response to girdling further supports
the idea of a strong reliance on imported C. If local photoassimilates or NSC reserves
constitute a primary C source, we would expect a minor effect of girdling on branch and
cone development [8]. However, and regardless of defoliation intensity, phloem disrup-
tion by girdling and subsequent inability to import C significantly constrained branch
development, as denoted here by the lower number of needle and living cones per branch,
shorter and narrower twigs, and reduced biomass of different organs. Again, although
these reductions in girdled branches tended to be aggravated by defoliation intensity, the
effect of defoliation was minor relative to that of girdling. Notably, the rate of branch
death and cone abscission drastically rose up to 100% in girdled branches, suggesting that
carbohydrate deficiency might contribute to branch dieback, as previously observed in
pistachio (Pistacia vera L.) [1] and coffee (Coffea arabica L.) [52]. In summary, branch response
to combined treatments of girdling and defoliation indicates that local photoassimilates
and C reserves are insufficient to support development of female cones and branches in
P. koraiensis, which largely rely on imported C, supporting the preliminary work performed
on this species [40,54].

In cases of temporal and spatial mismatches between C supply and demand, trees
remobilize stored C throughout organs to satisfy requirements from C sinks. A substantial
fraction of stored NSC is consumed for reproductive purposes, from floral primordia
initiation to seed development, especially during masting years [2,13,34,55]. Here, we
applied the phenol sulphuric method to quantify and compare branch NSC status among
treatments. Thus, although [NSC] estimates are adequate for our purpose, absolute [NSC]
values should be taken with caution for literature comparison [56]. Girdling resulted in
a major, significant reduction in [NSC] across needles, one-year-old twigs, two-year-old-
twigs, cones, and seeds. However, although the effect of defoliation was comparatively
small, significant reductions in [NSC] across needles, twigs, and cones were observed
following defoliation, more evidently in girdled branches (Figure 4). Differences in [NSC]
were not uniquely driven by variation in [starch], which could be expected following starch
hydrolysis to maintain stability [SS], and thus, plant metabolic activity [22,57]. Depletion
of [SS] following combined treatments of girdling and defoliation might suggest small SS
buffer pools during periods of constrained C gain in P. koraiensis, as was similarly observed
for P. radiata [58]. Accordingly, a relatively stronger effect of defoliation on [NSC], rather
than on volumetric growth and biomass throughout sampled tissues, may also suggest
that branches prioritize development over storage, hereby exhibiting a non-conservative
behavior in terms of C use economy. In particular, the most drastic reduction in [NSC] oc-
curred in cones and seeds of girdled branches, while reductions in needle and branch [NSC]
were comparatively limited. Rapid depletion of NSC in cones clearly denotes preferential
resource allocation in foliar and twig tissues for survival to the detriment of reproductive
organs, thereby constraining seed yield when facing physiological stress. As mentioned
above, phloem disruption by girdling eventually led to branch dieback. Nevertheless, C
starvation might not be the only trigger for branch and cone mortality, as NSC reserves
were reduced but not completely consumed in girdled branches (Figure 4). Incomplete
depletion of NSC in dead organs was similarly found in non-functional heartwood of ten
temperate species of different wood anatomy [59]. Secondary effects of girdling related to
wound desiccation and partial hydraulic dysfunction might have exacerbated the detri-
mental effects of C shortage for branch survival, as it remains difficult to discern between
the interacting factors triggering leaf, canopy, and tree dieback [60].
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4.2. Branch C Autonomy Depends on the Source-Sink Balance

Pulse labeling is widely applied to track C movement across tree organs and advance
our understanding on tree C allocation dynamics [61]. For instance, 13CO, has proved
useful as a stable isotopic tracer to test whether labeled assimilates are translocated among
adjacent branches [10,14,37,46]. A high degree of branch C autonomy was suggested
for Siberian alder (Alnus hirsuta var. sibirica), hornbeam (Carpinus betulus L.), and peach
[Prunus persica (L.) Batsch], as 13C enrichment was not detected in unlabeled reproductive
shoots nearing labeled ones [10,36,49]. Here, to facilitate isotope tracking in field-grown
trees, younger and smaller trees than those manipulated in Experiment 1 were labeled and
monitored. For this, vegetative branches were exposed to 1*CO, during the phenological
stage of cone expansion, the period of seed reserve accumulation, and kernel filling [62].
In this way, the C-sink strength of unlabeled cone-bearing branches was maximal, to
ensure a strong competition for NSC between these branches and the labeled vegetative
branches [18,63]. Significant 13C enrichment in foliar, twig, and reproductive tissues of
cone-bearing branches, clearly observed 24 h after the 1>C pulse in the girdling treatment
(Figure 5), evidences C import from neighboring branches and further supports insights
gained from defoliation and girdling treatments performed in Experiment 1. Similarly, and
counter to the idea of branch C autonomy, translocation of labeled assimilates between
adjacent branches has been observed in fruits and branches of Styrax obassia Sieb. et
Zucc. [46], Japanese beech (Fagus crenata Blume) [64], pear (Pyrus spp.) [37], and Chinese
chestnut (Castanea mollissima Bl.) [65].

Our labeling approach allowed us to evaluate C allocation patterns depending on
harvesting time (4 h vs. 24 h post-labeling) and on the alteration of source-sink relationships
by means of manipulative girdling. Here, the largest fraction of 13C recovered in branch
tissues was found in vegetative branches (>95%) 4 h after the labeling pulse, mostly in
foliar tissues (77-86%), irrespective of girdling application (Figure 6). However, 24 h after
the pulse, 1>C allocation was clearly affected by girdling applied just below the junction
of the branch tandem (composed by one vegetative and one reproductive branch). In
ungirdled branches, the largest fraction of label remained within vegetative branches (50 %
and 44% in foliar and twig tissues, respectively), while little was found in cone-bearing
branches (6%). Limited label translocation denotes substantial C requirements of vegetative
branches for growth, respiration, and storage for future development [14]. Contrastingly,
when girdling was applied, a substantial fraction of the label was detected in cone-bearing
branches (17, 14, and 13% in foliar, twig, and reproductive tissues, respectively). Such
a remarkable difference between treatments highlights the major role of C source-sink
relations in determining spatial C allocation patterns. Because each branch tandem was
close to 4-6 additional vegetative branches, we hypothesize that girdling impeded both
C import from nearby unlabeled branches to reproductive branches and C export from
labeled vegetative branches to the main stem, thereby exacerbating the [NSC] gradient
along the girdled branch tandem. According to Miinch’s theory, phloem flow occurs
following an osmotically driven pressure gradient in phloem sieve elements [3]. Therefore,
greater differences in [NSC] between vegetative and cone-bearing branches likely enhanced
phloem loading and unloading, respectively. Similar to our results, labeling exercises in
Prunus persica [36] and Camellia sasanqua Thunb. [14] proved the major effect of the C
sink strength in translocation rates of labeled C. By manipulative alteration of the source-
sink balance, either by defoliation, fruit removal, or girdling, 13C enrichment in different
tissues of labeled and unlabeled branches largely changed, denoting that the degree of
branch C autonomy is not just a species-specific trait but variable and highly dependent on
environmental or experimental factors.

5. Conclusions

Girdling led to major limitations in branch volumetric development, biomass, and
NSC pools across foliar, twig, and reproductive tissues in adult P. koraiensis trees. Although
these variables tended to decrease with defoliation intensity, the defoliation effect was
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relatively limited on branch growth and cone development. Both observations suggest
that the cone-bearing branches are not C autonomous and that they need to import C from
neighboring branches to fully develop. Accordingly, 1*C enrichment in unlabeled cone-
bearing branches evidenced C translocation from labeled vegetative branches, especially
when the main branch supporting both branches was girdled. These results help to better
understand the source-sink relations behind cone development in P. koraiensis, which can
guide forest management practices in cone-producing species, as a first step to eventually
enhance seed production during masting years.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/12091257 /51, Figure S1: One-year-old (Y1) and two-years-old (Y2) shoots of reproductive
branches of Pinus koraiensis trees monitored for “Experiment 17, Figure S2: Visual example of twig
growth and cone development in girdled and defoliated branches at harvesting of one Pinus koraiensis
tree manipulated for “Experiment 1”. Regardless of the defoliation intensity, branch and cone growth
and survival rates were higher in ungirdled branches, Figure S3: Twig and cone survival rate in
Pinus koraiensis branches in response to girdling and defoliation treatments for “Experiment 1”. Twig
and cone survival rate values were nil in girdled branches, Figure S4: Non-structural carbohydrate
content (NSC) of one-year-old (Y1; a, b and e) and two-year-old (Y2; ¢, d, and f) Pinus koraiensis
branches in response to girdling and defoliation treatments for “Experiment 1”. One-year-old needle
and seed NSC were nil in girdled branches. Bars and arrows represent the mean and corresponding
standard error, respectively, per treatment combination. Different capital letters indicate a significant
effect of girdling for a given defoliation intensity (p < 0.05). Different lowercase letters indicate
significant differences among defoliation intensities for a given girdling group (p < 0.05). Means were
compared using LSD tests, Table S1: Effect of girdling (girdled and ungirdled) and defoliation (0%,
50% and 100% intensity) and their interaction on branch growth and NSC concentrations in Pinus
koraiensis trees (Experiment 1), Table S2: F-value of two-way ANOVAs testing the effects of girdling
(girdled and ungirdled) and harvesting time (4 h and 24 h) on the carbon isotopic composition (813C)
and 13C assimilation (*C) throughout branch tissues (needles, twigs and cones) in reproductive and
vegetative branches of Pinus koraiensis, and on the amount of undetected label after 3C labelling-pulse
applied to vegetative branches (Experiment 2).
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