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Abstract
Key message Bark was the major NSC component in twigs across species. Future research should increasingly follow 
a bark–xylem approach  for a better understanding of NSC distribution and its function in the twig.
Abstract Despite extensive research on non-structural carbohydrates (NSC), the distribution of total NSC (TNC) and its 
primary components (sugar and starch) to the bark and xylem of twigs remains poorly understood. We determined seasonal 
NSC dynamics in twig bark and xylem in seven temperate tree species exhibiting different xylem anatomies and leaf habits. 
Seasonal trends in sugar were similar across species with concentrations peaking at least 15 days earlier in the spring for 
xylem than bark. However, evergreens exhibited maximum bark starch concentrations in early spring, followed by declines 
throughout the growing season, whereas deciduous species exhibited early spring declines in bark starch, followed by late 
growing season increases. Evergreens exhibited limited seasonal variation in xylem starch concentrations, whereas deciduous 
species exhibited variation in xylem starch concentrations that was similar to variation in bark starch. With a few excep-
tions, concentrations and seasonal amplitudes for sugar, starch, and TNC were generally higher in bark than xylem. Sugar 
concentrations were generally higher than starch, especially in the bark, which resulted in variability of TNC concentrations 
in bark or xylem. NSC concentrations varied significantly between xylem and the entire twig when bark was not explicitly 
considered. Averaged across species, sugar, starch, and TNC content in bark accounted for 66%, 54%, and 61% of total twig 
content, respectively, even though bark only accounted for 53% of the total twig mass. We recommend quantifying bark 
sugar and starch separately from xylem when determining twig NSC concentration and content.
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Introduction

Non-structural carbohydrates (NSC), mainly sugar and 
starch, can be stored in perennial tree organs for later use 
(Hoch et al. 2003; Martínez-Vilalta et al. 2016; Tixier et al. 
2019). The storage of NSC is important to buffer asyn-
chrony between carbon supply and demand that may occur 
predictably with seasonal changes in physiological activity 
(Chapin et al. 1990) or unpredictably under various stress-
ors or disturbances such as shading (Gansert and Sprick 
1998), drought (McDowell et al. 2011), leaf damage from 
fire (Aubrey et al. 2012), or pests and pathogens (Anderegg 
and Callaway 2012; Puri et al. 2015), or complete top kill 
(Ruswick et al. 2021). As such, NSC storage is an important 
trait for a variety of tree life history strategies (Hoch et al. 
2003; Mims et al. 2018; Ruswick et al. 2021). Understanding 
differences in NSC concentrations among species (Barba-
roux et al. 2003; Zhang et al. 2014; Mims et al. 2018), and 
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across organs (Gansert and Sprick 1998; Yang et al. 2016; 
Santos et al. 2021) and seasons within species (Martínez-
Vilalta et al. 2016; Aubrey and Teskey 2018; Oswald and 
Aubrey 2020) is critical for assessing and understanding tree 
carbon dynamics.

Twigs, the youngest part of the branch, are often used to 
study NSC concentrations and assess carbon status because 
they exhibit high metabolic activity (Piper et  al. 2016; 
Wang et al. 2018), resulting in relatively high NSC concen-
trations that make them one of the largest NSC reservoirs 
in trees (Barbaroux et al. 2003; Furze et al. 2019; Rosell 
et al. 2021); however, the distribution of NSC and its com-
ponents (i.e., sugar and starch) between bark and xylem of 
twigs is poorly understood relative to distributions among 
entire organs (Hartmann and Trumbore 2016; Martínez-
Vilalta et al. 2016). Anatomically, twigs are composed of 
bark (periderm and phloem) and xylem, which have different 
physiological functions and chemical components (Rosell 
2019), and exchange between these tissues likely links NSC 
pools (Sevanto et al. 2014; Cernusak and Cheesman 2015; 
Vandegehuchte et al. 2015; Morris et al. 2016; Tixier et al. 
2019). However, a few studies have explicitly explored 
differences in NSC between the bark and xylem of twigs 
(Barbaroux et al. 2003; Puri et al. 2015; Yang et al. 2016), 
and most studies do not separate them (Maguire and Kobe 
2015; Zhang et al. 2015; Salomón et al. 2016) or sample 
only xylem (Hoch et al. 2003; Schӓdel et al. 2009; Wang 
et al. 2018).

Increasing evidence suggests that twig bark and xylem 
tissues differ in their NSC concentrations and the distribu-
tion of NSC components. For example, sugar concentrations 
of twig bark were higher than xylem, while bark starch con-
centrations were lower than xylem (Drossopoulos and Nia-
vis 1988; Yoshioka et al. 1988; Gansert and Sprick 1998). 
Moreover, sugar, starch, and total NSC concentrations are 
usually higher in bark than in xylem for branches and twigs 
(Ashworth et al. 1993; Li et al. 2002; Puri et al. 2015; Yang 
et al. 2016; Rosell et al. 2021) with some exceptions (Bar-
baroux et al. 2003). In addition, the distribution of sugar and 
starch between bark and xylem in branches may not always 
be similar (Barbaroux et al. 2003).

Bark and xylem NSC concentrations may respond dif-
ferently to environmental factors, but these dynamics may 
go undetected if NSC concentrations are not determined 
separately for both tissues. For example, NSC concentra-
tions have increased in xylem or bark tissue in response to 
nutrient, drought, or defoliation treatments while concur-
rently decreasing or remaining unchanged in the other tis-
sue and the magnitude of difference in NSC concentrations 
between tissues increased from the controls to the treat-
ments (Yoshioka et al. 1988; Li et al. 2002; Anderegg and 
Callaway 2012; Puri et al. 2015; Yang et al. 2016), sug-
gesting that NSC responses to environmental factors should 

be considered separately for each tissue. Indeed, previous 
reports of increasing, decreasing, or unchanging NSC con-
centrations in response to drought stress (Hartmann and 
Trumbore 2016; Hartmann et al. 2018) or other environ-
mental factors may reflect the confounding effect of not con-
sidering bark and xylem tissues separately.

Most previous studies focused primarily on NSC con-
centrations in xylem for current-, more than 2-year-old 
branches, or with diameter ≤ 1 cm to estimate crown NSC 
content (Gholz et al. 1991; Hoch et al. 2003; Gruber et al. 
2011; Cheng and Wang 2015). Only little attention has been 
given to bark, with the exception of a few papers where stem 
bark (Gruber et al. 2013; Zhang et al. 2014) or twig, stem, 
and root bark (Rosell et al. 2021) have been considered. The 
reason for focusing on xylem and ignoring bark for these 
investigations was likely due to the relatively small propor-
tion of bark to total biomass (Pallardy 2008), even though 
twig bark (Puri et al. 2015; Yang et al. 2016; Rosell et al. 
2021) as well as stem bark (Barbaroux et al. 2003; Anderegg 
and Callaway 2012; Zhang et al. 2014) often exhibit higher 
NSC concentrations. However, the proportion of twig bark 
is higher than the proportion of stem bark, because the pro-
portion of bark decreases with increasing diameter (Senelwa 
and Sims 1999; Cheng and Wang 2015; Rosell et al. 2017). 
Thus, twig bark may store more NSC than xylem, even 
though its biomass is smaller. Clearly, sampling only xylem 
is inadequate to determine NSC content and distribution in 
twigs (Little 1970; Barbaroux et al. 2003; Furze et al. 2019).

Seasonal patterns of twig bark and xylem NSC concentra-
tions may be similar (Ashworth et al. 1993) or different (Puri 
et al. 2015) among species, reflecting the tissue’s dynamic 
contribution to physiological processes throughout the year. 
Seasonal dynamics of branch NSC concentration and dis-
tribution among NSC components are influenced by leaf 
habit (Hoch et al. 2003; Richardson et al. 2015) and xylem 
anatomy (Barbaroux et al. 2003). For example, deciduous 
species may rely more on NSC reserves stored in xylem 
than evergreen conifer species in temperate climate, because 
deciduous species refoliate entire canopies in the spring, 
whereas evergreen species only refoliate a portion of their 
canopy and may not rely entirely, or at all, on stored NSC to 
do so (Hoch et al. 2003). For species exhibiting ring-porous 
anatomy, wood growth prior to leaf expansion in spring is 
presumably more dependent on the NSC accumulated during 
the previous growing season, whereas early wood growth of 
diffuse-porous species is more reliant on carbon acquired 
from current photosynthesis (Barbaroux et al. 2003; Hoch 
et al. 2003). However, this understanding is based on branch 
or stem xylem NSC concentrations without consideration of 
bark (Zhang et al. 2014), so general patterns of NSC among 
functional groups remain uncertain. Understanding and gen-
eralizing seasonal NSC dynamics and distributions of NSC 
components among species or functional groups require 
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robust data across multiple species at the tissue level and 
not just the organ level (Barbaroux et al. 2003; Hoch et al. 
2003; Zhang et al. 2014).

Here, we characterize seasonal dynamics of bark and 
xylem NSC concentrations of 1-year-old twigs in seven 
temperate tree species with contrasting xylem anatomies 
(non-, ring-, and diffuse-porous) and leaf habits (evergreen 
and deciduous). By examining NSC concentrations in twig 
bark and xylem across key phenological periods of vary-
ing NSC supply and demand, we can determine the relative 
magnitude of bark and xylem NSC components, as well as 
characterize seasonal fluctuations of sugar and starch con-
centrations in the different tissues of the same organ. This 
approach facilitates testing the hypothesis that seasonal NSC 
dynamics differ between twig bark and xylem tissues. Inclu-
sion of different xylem anatomies and leaf habits allows us 
to explore whether NSC for different tissues exhibit a more 
pronounced seasonal variation in deciduous (porous) or 
evergreen (non-porous) trees. Our specific objectives were 
to: (1) examine seasonal variation and relative magnitudes 
of twig bark and xylem NSC concentrations across a range 
of species; (2) determine if seasonal NSC dynamics were 
related to xylem anatomy or leaf habit; and (3) determine 
if xylem concentrations alone provided accurate estimates 
and inference of twig NSC content and seasonal dynamics.

Materials and methods

Site description, plant materials, and sampling

The experiment was conducted at Maoershan Forest Eco-
system Research Station (45° 40′ N and 127° 66′ E, 400 m 
a.s.l.), Heilongjiang Province, northeast China. The mean 
slope is 10°–15°. The regional climate is temperate conti-
nental monsoon which is characterized by warm and humid 
summers, cold and dry winters, a short growing season, and 
abundant precipitation with the annual average temperature 
and annual precipitation of 2.2 °C and 591 mm, respectively. 
The zonal vegetation represents a typical forest type and 
condition in northeastern China (Wang et al. 2019), which 
was originally broad-leaved Korean pine forest that has been 
disturbed by logging, fire, reclamation, and now many dif-
ferent types of natural secondary forests and plantations 
co-exist.

The study was conducted from early April to late October 
in 2018. Precipitation events were frequent, and total rain-
fall from June to August was 682 mm, which was 91 mm 
above the 10-year mean annual precipitation. We investi-
gated seven tree species: Korean pine (Pinus koraiensis; 
hereafter Pks), Korean spruce (Picea koraiensis; hereafter 
Pkn), Manchurian walnut (Juglans mandshurica; hereafter 
Jm), Mongolian oak (Quercus mongolica; hereafter Qm), 

Japanese elm (Ulmus japonica; hereafter Uj), white birch 
(Betula platyphylla; hereafter Bp), and mono maple (Acer 
mono; hereafter Am). We chose these species for our experi-
ment because they represented different xylem anatomies 
and leaf habits. Korean pine and Korean spruce are ever-
green conifers, whereas the other species are deciduous 
broad-leaved trees. Among the deciduous broad-leaved 
species, Mongolian oak and Japanese elm are ring-porous, 
Manchurian walnut is semi-ring-porous, and mono maple 
and white birch are diffuse-porous.

Four healthy dominant mature trees with similar DBH of 
each species were repeatedly sampled on seven occasions 
across the growing seasons based on key phenological peri-
ods, i.e., April (before bud break), mid-May (green leaves/
needles emerging for the early leafing species), late-May 
(leaves/needles fully expanded for the early leafing species, 
green leaves/needles emerging for the late-leafing species), 
late-June, and mid-August (leaves/needles fully expanded), 
mid-September (before leaf senescence), and mid-October 
(complete defoliation for the deciduous species) during well-
watered field conditions. At each sampling date, 1-year-old 
twigs from the sun-exposed branches growing on the top 
third of south-facing side of the tree were randomly har-
vested between 5:00 and 10:00 a.m. to minimize effects 
of diurnal NSC variations (Morin et al. 2011; Tixier et al. 
2018). Previous work has demonstrated insignificant verti-
cal variation of NSC concentrations in twigs of temperate 
tree species (Zhang et al. 2015). All samples were immedi-
ately placed in a cooler on ice after collection, transported 
to the laboratory within 2 h and placed in a microwave oven 
at 600 W for 90 s to eliminate enzymatic activity (Hoch 
et al. 2003). Then, xylem and the secondary phloem, which 
included the active phloem and bark, were separated from 
each twig using a knife. Subsequently, dry mass (DM) of all 
tissue samples was measured after oven drying at 70 ℃ to a 
constant mass. Dried samples were ground to a fine powder 
and analyzed for sugar and starch concentrations.

Chemical analyses of NSC concentrations

Sugar and starch concentrations were determined by a modi-
fied phenol–sulfuric acid method (Buysse and Merckx 1993; 
Zhang et al. 2015). In brief, 50 mg of the powdered samples 
placed in a 50-mL centrifuge tube was extracted with 10 mL 
of 80% v/v ethanol for 24 h, followed by two centrifuga-
tions at 4,000 rpm for 10 min. The supernatant solution was 
measured for sugar concentrations with a spectrophotometer 
at 490 nm (UV–VIS, Purkinje General Instrument Co., Bei-
jing, China). After the ethanol evaporated, the residues were 
boiled for 15 min in 10 mL of distilled water and cooled 
to room temperature, and then, fungal α amylase (300 U 
 mg−1) was added and the sample was incubated in a water 
bath at 60 °C for 1 h. The supernatant solution was used for 
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determining the concentrations of starch with the same pro-
cedure as described above. The concentrations of sugar and 
starch were determined by standard curves and presented as 
percent dry matter (%). Total NSC (TNC) concentrations 
(%) were calculated as the sum of sugar and starch concen-
trations, and we derived another variable to represent the 
proportion of sugar to starch (SST).

Since the seasonal amplitude of NSC is the key toward 
identifying periodic source–sink disparities, the difference 
between the maximum and minimum concentrations were 
calculated to represent tissue storage capacity. Addition-
ally, sugar, starch, and TNC content were calculated as the 
product of bark and xylem biomass and their concentrations 
at each sampling time. Due to the strong intra- and inter-
specific variation of twig diameter and length, the proportion 
of NSC contents instead of absolute contents in each tissue 
was calculated as the ratio of sugar, starch, and TNC content 
in bark or xylem relative to the total twig.

Data analysis

Repeated-measures analysis of variance (ANOVA) in a 
mixed model framework was used to test the fixed effects of 
sampling date (n = 7), tissue (n = 2; xylem or bark), species 
(n = 7), and their interactions on concentrations of sugar, 
starch, and TNC (i.e., sugar + starch), the ratio of sugar and 
starch (SST), as well as the proportion of bark and xylem 
sugar, starch, and TNC content relative to total twig content. 
We used a similar model to compare NSC concentrations of 
the entire twig with NSC of just the xylem. NSC data were 
arc sin transformed to achieve normal distribution and equal 
variances (Zar 1996). Individual tree was treated as a ran-
dom factor. Mean comparisons were made using Duncan’s 
multiple range test (α = 0.05). Differences in NSC concen-
trations between the species functional groups (i.e., xylem 
anatomy or leaf habit) were also tested using Duncan mul-
tiple comparison procedure (α = 0.05). Manchurian walnut 

was the only semi-ring-porous species, and arbitrarily clas-
sified as the ring-porous group for the analyses due to their 
similar phenology. All analyses were performed using SPSS 
software (SPSS 19.0 for Windows, SPSS Inc., IL, USA).

Results

Seasonal dynamics in bark and xylem NSC 
concentrations

Twig sugar, starch, TNC, and SST were influenced by sam-
pling date, tissue, and species; however, these individual 
effects were not independent (i.e., sampling date × tis-
sue × species interactions; Table 1). To simplify commu-
nication of results within the context of this complicated 
interaction, we focus below on describing general patterns 
related to seasonal dynamics, comparisons of bark and 
xylem tissues, and comparisons of species with respect to 
functional groups.

Twig bark and xylem sugar, starch, and TNC concentra-
tions, and SST varied significantly among sampling dates for 
all species. Generally, bark sugar concentrations increased 
between mid-April and the end of May (Fig. 1). However, 
bark sugar concentrations of deciduous broad-leaved spe-
cies decreased slightly in mid-May, and then, all species 
exhibited substantial declines in bark sugar concentrations to 
minimums in June, before increasing until October (Fig. 1). 
Xylem sugar concentrations exhibited seasonal patterns 
similar to that of bark sugar, but xylem sugar concentra-
tions peaked at least 15 days earlier in the spring (Fig. 1). 
Bark starch concentrations for evergreen coniferous species 
increased to their maximum in mid-May and declined to 
their minimum in August, whereas xylem starch concen-
trations remained similar throughout the growing season 
(Fig. 1). Bark and xylem starch concentrations for decidu-
ous broad-leaved species exhibited their minimum in May 

Table 1  Analysis of variance (ANOVA) results for sugar (SS), starch 
(ST), and total non-structural carbohydrate (TNC = SS + ST) con-
centrations (%) and the ratio of sugar to starch (SST) in annual twig, 
bark, and xylem for Pinus koraiensis (Pks), Picea koraiensis (Pkn), 

Juglans mandshurica (Jm), Quercus mongolica (Qm), Ulmus japon-
ica (Uj), Betula platyphylla (Bp), and Acer mono (Am) measured at 
seven time periods from April to October 2018

Source df SS ST TNC SST

F P F P F P F P

Date 6 164.72  < 0.001 123.28  < 0.001 89.37  < 0.001 110.90  < 0.001
Species 6 121.45  < 0.001 57.46  < 0.001 42.68  < 0.001 59.45  < 0.001
Tissue 2 464.42  < 0.001 7.44  < 0.01 314.03  < 0.001 42.46  < 0.001
Date × tissue 12 21.84  < 0.001 13.75  < 0.001 21.29  < 0.001 10.95  < 0.001
Species × tissue 12 12.26  < 0.001 49.46  < 0.001 17.78  < 0.001 19.25  < 0.001
Date × species 36 7.81  < 0.001 44.95  < 0.001 21.51  < 0.001 16.35  < 0.001
Date × tissue × species 72 2.24  < 0.001 2.24  < 0.001 1.97  < 0.001 3.10  < 0.001
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and increased to their maximum in September (Fig. 1). Sea-
sonal variability of bark and xylem TNC concentrations was 
mainly due to fluctuations in sugar concentrations for all 
species, except xylem TNC concentrations followed xylem 
starch patterns for Qm and Am (Fig. 1). Seasonal fluctua-
tions of xylem and bark SST generally followed patterns 
of sugar concentrations (Fig. 1). Total twig (i.e., bark and 
xylem) NSC concentrations (sugar, starch, and TNC) and 
SST generally followed similar patterns as observed in bark 
for all species.

Twig bark and xylem tissues differed in their NSC con-
centrations and their relative distribution of NSC compo-
nents. Bark sugar concentrations were higher than xylem 
sugar concentrations, especially at the end of May, except for 
Pks in mid-May, Pkn in mid-April and from June to October, 
and Bp in October (Fig. 1). Bark starch concentrations were 
higher than xylem starch concentrations for Pks and Pkn, 
but xylem starch concentrations were higher than bark starch 
concentrations for Qm and Am (Fig. 1). Bark and xylem 
starch concentrations for the other species (Jm, Uj, Bp) were 
generally more similar throughout the sampling period, or 
at least their differences were much smaller (Fig. 1). Bark 
TNC concentrations were higher than xylem TNC concen-
trations for most species, except xylem TNC concentrations 
were higher than bark TNC concentrations for Qm for most 

sampling dates, Pkn in April, and Bp in October (Fig. 1). 
Bark SST was lower than xylem SST for Pks and Pkn, but 
higher than xylem SST for Jm, Qm, Uj, and Am, and either 
higher or lower than xylem SST for Bp, which exhibited bark 
and xylem SST values generally ≥ 1 throughout the growing 
season, with a few exceptions (Fig. 1).

The seasonal amplitudes of bark and xylem sugar, starch, 
and TNC concentrations differed among species (Fig. 2). 
The largest seasonal bark sugar, starch, and TNC ampli-
tudes occurred in Bp, Jm, and Pks, respectively, whereas the 
largest seasonal xylem sugar, starch, and TNC amplitudes 
occurred in Pks, Qm, and Jm, respectively. The smallest 
seasonal bark sugar, starch, and TNC amplitudes occurred 
in Qm, Am, and Qm, respectively, whereas the smallest sea-
sonal xylem sugar, starch, and TNC amplitudes occurred in 
Uj, Pks, and Uj, respectively. The ratio between the maxi-
mum and minimum bark and xylem sugar, starch, and TNC 
concentration was 2.0–2.9, 2.4–4.6, and 2.0–3.4, respec-
tively, when averaged across the seven species. The ratio 
between the maximum and minimum sugar, starch, and TNC 
were 1.4–2.9, 1.3–4.6, and 1.2–2.2 times higher in bark than 
xylem for all species, with a few exceptions. For example, 
there was no difference between the bark and xylem maxi-
mum and minimum sugar concentrations for Pks, starch con-
centrations for Bp, and TNC concentrations for Jm, and the 
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Fig. 1  Mean ± SE (n = 4) sugar (SS), starch (ST), and total non-struc-
tural carbohydrate (TNC; i.e., SS + ST) concentrations and the ratio 
of sugar to starch (SST) in annual twigs (filled triangle) and their bark 
(open circle) and xylem (open square) for Pinus koraiensis (Pks), 

Picea koraiensis (Pkn), Juglans mandshurica (Jm), Quercus mon-
golica (Qm), Ulmus japonica (Uj), Betula platyphylla (Bp), and Acer 
mono (Am) on seven sampling dates from April to October 2018
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ratio between the maximum and minimum starch and TNC 
concentrations for Qm, and starch concentration for Am were 
about twice as high in xylem as bark (Fig. 2). Overall, bark 
NSC exhibited greater seasonal fluctuations and higher stor-
age capacity than xylem.

Twig and xylem NSC comparisons

We compared NSC concentrations of xylem with NSC con-
centrations of the whole twig to determine if xylem samples 
alone could provide accurate representations of whole-twig 
NSC dynamics. Whole-twig and xylem sugar, starch, and 
TNC concentrations differed among species at each sam-
pling date (Online Appendix 1); however, there were no 
clear inter-specific patterns. Xylem sugar, starch, and TNC 
concentrations averaged across sampling periods differed 
among species, whereas twig starch and TNC concentrations 
did not. However, twig sugar concentrations differed among 
species, and the relative ranking among species was similar 
to that observed in xylem (Fig. 3). The highest xylem sugar 
(7.82 ± 0.63%), starch (6.39 ± 1.09%), and TNC concentra-
tions (10.38 ± 0.96%) occurred in Pkn, Qm, and Bp, respec-
tively, whereas the lowest occurred in Uj (3.39 ± 0.27%), 
Pks (1.79 ± 0.20%), and Uj (6.70 ± 0.53%), respectively. The 
highest twig sugar (9.20 ± 0.97%), starch (4.95 ± 0.81%), and 
TNC concentrations (12.22 ± 1.51%) occurred in Bp, Qm, 
and Pks, whereas the lowest occurred in Qm (5.38 ± 0.35%), 
Bp (2.84 ± 0.63%), and Am (9.02 ± 0.65%), respectively.

There were no clear patterns in xylem or twig sugar, 
starch, and TNC concentrations related to xylem anatomies 
or leaf habits (Fig. 3). Xylem sugar concentrations followed 
the decreasing sequence of non-porous > diffuse > ring-
porous, and evergreen > deciduous; however, the opposite 
rank order occurred for xylem starch concentrations, and 
there were no differences in xylem TNC concentrations 
among xylem anatomies or between leaf habits. However, 
in the twig, there were no differences in twig sugar, starch, 
and TNC concentrations among xylem anatomies or between 
leaf habits. Seasonal patterns of xylem and twig sugar and 
TNC concentrations were similar among xylem anatomies 
and between leaf habits throughout the observation period. 
Xylem and twig starch concentrations were similar among 
xylem anatomies and between leaf habits during the middle 
and late growing season; however, there were differences 
between xylem and twig NSC and its components during 
spring (Fig. 4). For example, xylem sugar concentrations 
differed among xylem anatomies and between leaf habits 
in mid-May, but twig sugar concentrations did not. Simi-
larly, xylem starch concentrations were similar among xylem 
anatomies and between leaf habits, but twig starch concen-
trations were as non-porous/evergreen species exhibited 
higher starch concentrations than ring- and diffuse-porous/
deciduous species during May. As for TNC, xylem and twig 
TNC concentrations followed the similar rank order of non-
porous > diffuse > ring-porous, or evergreen > deciduous 
species; however, the former differed in late-May and the 
latter differed in mid- and late-May.
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Fig. 2  Mean ± SE (n = 4) absolute seasonal difference (i.e., maxi-
mum—minimum) of sugar (SS), starch (ST), and total non-structural 
carbohydrate (TNC; i.e., SS + ST) concentrations in the bark, xylem, 
and twig for Pinus koraiensis (Pks), Picea koraiensis (Pkn), Juglans 
mandshurica (Jm), Quercus mongolica (Qm), Ulmus japonica (Uj), 

Betula platyphylla (Bp), and Acer mono (Am) during experiment 
period from April to October 2018. The different lowercase letters 
above the bars indicate significant differences between tissues within 
a species based on Duncan’s multiple range test (P < 0.05)
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Relative contributions of bark and xylem to twig 
NSC content

The content proportion of sugar, starch, and TNC were sig-
nificantly affected by tissues and its interaction with sam-
pling date, species, and sampling date × tissue × species 
interactions, but not the sampling date, species (with the 
exception of sugar), and their interactions (Table 2). The 
relative proportion of bark and xylem sugar, starch, and TNC 
content for all species varied among sampling dates (Online 

Appendix 2, Fig. 5). Bark accounted for a high proportion 
of sugar, starch, and TNC contents in twigs for all tree spe-
cies, especially in May. The bark sugar content for ever-
green coniferous species Pks and Pkn varied from 60 to 86%, 
slightly higher than those of deciduous broad-leaved species 
which varied from 49 to 80%. The bark starch content for 
evergreen coniferous species accounted for 71–96% of twig 
starch content, whereas bark starch content for Qm and Am 
was < 50%, and 33–74% for the rest three species (Jm, Uj, 
and Bp). Bark TNC content was 64–90% and 36–78% of 
total twig NSC content for evergreen coniferous and decidu-
ous broad-leaved species, respectively. 

Bark contributed more NSC to the twig than xylem, 
despite generally accounting for a smaller proportion of 
twig mass. The relative proportion of twig sugar, starch, 
and TNC attributed to bark varied from 61% in Jm to 72% 
in Pks, 29% in Qm to 80% in Pks and Pkn, 45% in Qm to 
75% in Pks, respectively, when averaged across the sampling 
periods. Averaged across the observation period and species, 
bark sugar, starch, and TNC accounted for 66%, 54%, and 
61% of twig sugar, starch, and TNC content, respectively. In 
comparison, bark biomass accounted for only 53 ± 3.9% of 
twig biomass when averaged across species. For example, 
bark biomass for coniferous Pks and Pkn was 63% and 70%, 
and broad-leaved species were in the range of 43–57% to the 
twig total biomass (Fig. 5). The contribution of bark sugar 
and TNC to twig sugar content was either disproportionately 
higher (e.g., Pks) or proportional (e.g., Pkn) to its biomass, 
whereas the contribution of bark starch was either dispropor-
tionately higher (e.g., Pks), disproportionately lower (e.g., 
Qm), or proportional (e.g., Bp) to its biomass (Fig. 6).

Discussion

We found that twig NSC concentrations exhibited seasonal 
dynamics across multiple tree species, and for both NSC 
components (i.e., sugar and starch) the seasonal dynam-
ics in twig NSC followed that of bark NSC more so than 
xylem NSC, primarily because bark exhibited higher NSC 
concentrations than xylem and not because of its propor-
tional mass. Seasonal amplitudes of NSC concentrations 
were generally higher in bark than xylem and sugar con-
centrations were generally higher than starch in the same 
tissue, especially bark. Thus, much of the variability in 
bark or xylem TNC concentrations could be attributed 
to fluctuations in sugar concentrations. Seasonal NSC 
dynamics differed as a function of leaf habit and xylem 
anatomy with evergreen/non-porous species exhibiting 
maximum starch concentrations in early spring followed 
by declines throughout the growing season, and deciduous/
porous species exhibiting early spring declines and late 

T
N

C
 (

%
)

Pks Pkn Jm Qm Uj Bp Am Np Rp Dp Ev De
0

5

10

15

S
S

 (
%

)

0

5

10

15

20
xylem

twig

S
T

 (
%

)

0

5

10

15

ab

ab
a

a

bc

abc

c

c

c

bc

a

a

c

c

c

a

c

a
bc a

a

a

bc a
bc a

b
a

A

B

A

a

b

A

A

A
a

a

B

A
AB

b

aa aA
A

A

ab

a

a

a

ab

a
a a

b

a
a

a

ab
a A

A

A

A

A

A

a

a

a
a

Fig. 3  Mean ± SE (n = 4) of sugar (SS), starch (ST), and total non-
structural carbohydrate (TNC = SS + ST) concentrations in xylem 
and twig averaged across the growing season and compared among: 
species Pinus koraiensis (Pks), Picea koraiensis (Pkn), Juglans man-
dshurica (Jm), Quercus mongolica (Qm), Ulmus japonica (Uj), Bet-
ula platyphylla (Bp), and Acer mono (Am); functional groups based 
on non-porous (Np), ring-porous (Rp), and diffuse-porous (Dp) 
xylem anatomies; and functional groups based on evergreen (Ev) and 
deciduous (De) leaf habits. Vertical dashed lines separate compari-
sons among species (left), xylem anatomies (center), and leaf habits 
(right). The different letters above the bars indicate significant differ-
ences among species (lowercase), among xylem anatomies (capital), 
and between leaf habits (lowercase, italicized) based on Duncan’s 
multiple range test (P < 0.05)
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growing season increases. Although bark only accounted 
for 53% of twig biomass on average, it accounted for 66%, 
54%, and 61% of twig sugar, starch, and TNC on average, 
respectively. Overall, our findings support the hypothesis 
that seasonal NSC dynamics differ between twig bark and 
xylem tissues, thereby highlighting the importance of con-
sidering bark and xylem separately for understanding NSC 
dynamics.

Seasonal NSC variations in twig bark and xylem

The seasonal variation in twig sugar, starch, and TNC 
concentrations in our study was similar to previous stud-
ies (Kramer and Kozlowski 1979; Kozlowski 1992; Mei 
et al. 2015). Generally, TNC concentrations were highest 
in spring, decreased after leaf-out, and then accumulated 
before leaf fall. However, the contribution of bark and xylem 
to seasonal dynamics of twig NSC and its components 

Fig. 4  Mean ± SE (n = 4) sugar 
(SS), starch (ST), and total non-
structural carbohydrate (TNC; 
i.e., SS + ST) concentrations in 
the xylem and twigs for Pinus 
koraiensis (Pks), Picea koraien-
sis (Pkn), Juglans mandshurica 
(Jm), Quercus mongolica (Qm), 
Ulmus japonica (Uj), Betula 
platyphylla (Bp), and Acer 
mono (Am) averaged across 
xylem anatomies (A) and leaf 
habits (B). The different low-
ercase and capital letters above 
the bars indicate significant 
differences among the xylem 
anatomies and between leaf 
habits, respectively, based on 
Duncan’s multiple range test 
(P < 0.05)
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were different due to seasonal fluctuations in different tis-
sues and tree life forms (Barbaroux and Bréda 2002; Hoch 
et al. 2003). We observed seasonal variation in bark and 
xylem sugar concentrations that were similar to Olea euro-
paea (Drossopoulos and Niavis 1988), Malus pumila Mill. 
var. domestica ‘Jonagold’ (Yoshioka et al. 1988), Corms 
sericea (Ashworth et al. 1993), Fagus sylvatica seedlings 
(Gansert and Sprick 1998), and conifer Pinus pinaster (Puri 
et al. 2015), but sugar concentrations peaked at least 15 days 
earlier in xylem than bark. This may be related to the sub-
strate supply for branch growth and osmotic pressure to 
increase freezing resistance in early spring (Cernusak and 
Cheesman 2015; Vandegehuchte et al. 2015). However, pat-
terns in twig bark and xylem starch concentrations differed 
among tree species. For example, seasonal changes in twig 
bark and xylem starch concentrations for the five broad-
leaved species in our study were similar and consistent to 
the above-mentioned broad-leaved tree species, with starch 
accumulation occurring soon after complete leaf expan-
sion and continuing until October. This seasonal dynamic is 
characteristic of temperate deciduous trees except that the 
highest twig bark and xylem starch concentrations for O. 
europaea occurred in May (Drossopoulos and Niavis 1988).

Our results suggest synchronicity in bark and xylem 
NSC dynamics via synthesis and storage of starch for 
broad-leaved tree plays a vital role in maintaining balance 
between carbohydrate supply and demand. In contrast, twig 
bark starch concentrations for conifers Pks and Pkn were 
highest in spring and also in September, but xylem starch 
concentrations remained static, that is, the accumulation 
of starch in xylem was suppressed, and the accumulation 
of starch in bark was accelerated. This is consistent with 
bark and xylem starch dynamics of Picea abies stem (Egger 
et al. 1996) and branch xylem starch for P. abies and Pinus 
sylvestris (Schӓdel et al. 2009), but different from bark and 
xylem starch dynamics in P. pinaster, which were highest in 
the spring (Puri et al. 2015). The starch patterns observed in 

conifers in our study were generally characteristic of ever-
green conifers (Fischer and Höll 1992; Hoch et al. 2003). 
Most photosynthetic products accumulated in the twigs, 
especially in bark, which caused twig TNC concentrations 
to increase significantly, likely to ensure adequate carbohy-
drate supply to support shoot growth (Fischer and Höll 1992; 
Schӓdel et al. 2009). Thus, seasonal variation in twig NSC 
concentrations in seven species followed the corresponding 
index of bark due to higher seasonal fluctuations of NSC and 
its components in bark compared with those in the xylem, 
with the exception of xylem starch in Qm and Am.

Differences between xylem and twig NSC 
among species and functional groups

Our results revealed obvious seasonal patterns in twig and 
xylem NSC dynamics between leaf habits and among xylem 
anatomies, but not any consistent patterns of twig or xylem 
NSC concentrations among the seven species. We also found 
that neglecting bark NSC influenced the inter-specific NSC 
comparison at each sampling time, across sampling periods, 
and across functional type comparisons. Inter-specific dif-
ferences in NSC concentrations and distribution in twigs 
(Barbaroux et al. 2003; Schӓdel et al. 2009), stems (Yu et al. 
2011; Zhang et al. 2014), and leaves (Wang et al. 2014) 
occur in the same habitat at the same period in temperate 
tree species due to different growth strategies and ecological 
adaptations. It is generally believed that the proportion of 
parenchyma (sum of ray parenchyma and axial parenchyma) 
in the xylem for broad-leaved tree species is higher than that 
of coniferous trees, leading to higher NSC concentrations 
in the former (Kramer and Kozlowski 1979), but this is not 
always consistent or universal.

Our results showed accumulated twig starch in evergreen 
species at the beginning of the growing season, but not in 
xylem; however, this did not change the twig and xylem 
TNC patterns between leaf habits where xylem and twig 

Table 2  Analysis of variance (ANOVA) results for sugar (SS), starch 
(ST), and total non-structural carbohydrate (TNC = SS + ST) con-
tent proportion in annual bark and xylem for Pinus koraiensis (Pks), 
Picea koraiensis (Pkn), Juglans mandshurica (Jm), Quercus mon-

golica (Qm), Ulmus japonica (Uj), Betula platyphylla (Bp), and Acer 
mono (Am) measured at seven time periods from April to October 
2018

Source df SS ST TNC

F P F P F P

Date 6 0.08 0.998 0.04 0.999 0.06 0.999
Species 6 5.60  < 0.001 0.61 0.724 0.56 0.758
Tissue 1 807.06  < 0.001 115.89  < 0.01 565.38  < 0.001
Date × tissue 6 7.97  < 0.001 24.07  < 0.001 18.61  < 0.001
Species × tissue 6 13.83  < 0.001 361.55  < 0.001 82.92  < 0.001
Date × species 36 0.45 0.997 0.44 0.998 0.42 0.999
Date × tissue × species 36 5.60  < 0.001 8.51  < 0.001 5.41  < 0.001
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TNC concentrations followed evergreen > deciduous group 
at the beginning of the growing season, whereas the opposite 
trend occurred during the middle and late growing season. 

The main reason was that the twig and xylem starch concen-
trations in evergreen species was < 30% of TNC. Our results 
contradict those of Hoch et al. (2003) in that they observed 
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Fig. 5  Mean proportional distribution of sugar (SS), starch (ST), total 
non-structural carbohydrate (TNC) content and biomass in twig bark 
and xylem of Pinus koraiensis (Pks), Picea koraiensis (Pkn), Jug-
lans mandshurica (Jm), Quercus mongolica (Qm), Ulmus japonica 
(Uj), Betula platyphylla (Bp), and Acer mono (Am). Data were col-
lected from April to October 2018. The MC represents the mean pro-

portional distribution of NSC content across all observation periods 
for each species. The different capital letters above the bars indicate 
significant differences between proportion contributions of bark 
and xylem to twig biomass based on Duncan’s multiple range test 
(P < 0.05)
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higher branch xylem TNC in all six deciduous broad-leaved 
species than that in evergreen conifers during spring but 
agrees with Schӓdel et al. (2009) who found higher branch 
xylem TNC concentrations in evergreen Picea than decidu-
ous Carpinus in spring and the opposite pattern after spring.

Differences in xylem anatomy and annual radial stem 
growth may also influence NSC dynamics. For exam-
ple, annual radial stem growth occurs mostly before leaf 

expansion in spring for ring-porous species (Hinckley and 
Lassoie 1981), but not until after leaf expansion for diffuse-
porous species (Zhang et al. 2014), and ring-porous species 
can exhibit higher NSC concentrations than diffuse-porous 
species (e.g., Barbaroux et al. 2003; Dietze et al. 2014). 
For example, in October, Quercus petraea exhibited higher 
starch, and slightly lower sugar concentrations than F. sylvat-
ica in twigs and xylem, resulting in higher twig and xylem 

Fig. 6  The proportion of whole-
twig sugar (SS), starch (ST), 
and total non-structural carbo-
hydrate (TNC; i.e., SS + ST) 
content attributed to bark 
plotted against the proportion of 
whole-twig biomass attributed 
to bark in Pinus koraiensis 
(Pks), Picea koraiensis (Pkn), 
Juglans mandshurica (Jm), 
Quercus mongolica (Qm), 
Ulmus japonica (Uj), Betula 
platyphylla (Bp), and Acer 
mono (Am). Data were collected 
from April to October 2018. 
The dotted line extending from 
the origin represents a 1:1 rela-
tionship between the dependent 
and independent variables
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TNC concentrations in the former than the latter based on 
twig xylem–bark separation analysis (Barbaroux et al. 2003). 
We also found slightly higher TNC accumulation in twig and 
xylem for ring-porous xylem anatomy than diffuse-porous 
xylem anatomy during the middle and late growing season, 
but no significant differences within above groups. Although 
twig xylem–bark separation analysis in this study did not 
change the inference regarding functional groups, we still 
suggest that variability in concentration of NSC among twig 
tissues should be considered in such functional group com-
parisons, especially in spring.

NSC concentrations, content, and distribution 
within twig tissues

In general, twig sugar, starch, and TNC concentrations for 
the seven tree species measured in our study were compara-
ble to values measured in new branches and slightly higher 
than those in old/larger branches (≥ 2-year-old branches and 
diameter ≤ 3 cm) for temperate tree species (Zhang et al. 
2013). The range of NSC concentrations measured in twigs 
in our study was similar to the range of observations meas-
ured by the other authors for twigs in other temperate tree 
species (Hoch et al. 2003; Yu et al. 2011).

Our data showed that sugar and TNC concentrations for 
all species, and starch concentrations for all species except 
Qm and Am, were higher in twig bark than in the xylem. 
Sugar, starch, and TNC concentrations are usually higher 
in bark than xylem for branches and twigs (Ashworth et al. 
1993; Li et al. 2002; Puri et al. 2015; Yang et al. 2016; 
Rosell et al. 2021) with the exception that twig xylem sugar 
and starch concentrations were higher than twig bark for 
adult F. sylvatica and Q. petraea trees (Barbaroux et al. 
2003), and this general pattern was also observed in stem 
bark and xylem (Egger et al. 1996; Anderegg and Callaway 
2012; Gruber et al. 2013; Zhang et al. 2014). Higher NSC 
concentrations in bark compared to xylem likely result from 
a larger proportion of ray and axial parenchyma cells and 
higher metabolic activity in bark (Kramer and Kozlowski 
1979). For example, twig bark sugar, starch, and TNC con-
centrations for P. pinaster were about twice that of xylem 
(Puri et al. 2015). The twig bark sugar and starch concentra-
tions were higher than those of xylem for 1-year-old Cun-
ninghamia lanceolata in late July, and bark TNC concen-
trations were nine times higher than that of xylem (Yang 
et al. 2016). The twig bark sugar concentrations for O. 
europaea (Drossopoulos and Niavis 1988), M. pumila Mill. 
var. domestica ‘Jonagold’ (Yoshioka et al. 1988), and F. syl-
vatica seedlings (Gansert and Sprick 1998) were also higher 
than in xylem, and the opposite pattern was observed for 
starch concentrations of these species. Our results provide 
further evidence that NSC concentrations differ between 
bark and xylem tissues in the same organ.

Our results indicate that sugar was the main NSC com-
ponent in twigs for all species except for Qm and Am. The 
distribution of NSC components in branches varies among 
species. For example, sugar was the main NSC component in 
twigs of temperate trees in the middle of the growing season 
(Barbaroux et al. 2003; Yu et al. 2011; Zhang et al. 2013; 
Salomón et al. 2016); however, current-year twig NSC of F. 
sylvatica seedlings (Gansert and Sprick 1998), branch NSC 
of Q. petraea and F. sylvatica in October (Barbaroux et al. 
2003), shoot NSC in Acer rubrum, Q. rubra, and Q. velutina 
seedlings (Maguire and Kobe 2015), and 1-year-old twig for 
Q. pyrenaica in April and October (Salomón et al. 2016) 
were dominated by starch. Critically, these patterns differed 
significantly when looking at twig NSC concentrations in 
separate tissues (Barbaroux et al. 2003; Hoch et al. 2003; 
Schӓdel et al. 2009; Puri et al. 2015).

Our results indicate that sugar was the main NSC compo-
nent in twig bark for all species, and for twig xylem in most 
species (i.e., Pks, Pkn, Jm, and Bp); however, in the other 
species (Qm, Uj, and Am), sugar was the main NSC com-
ponent in twig xylem in the early growing season, whereas 
starch became the main NSC component later in the growing 
season. Previous reports that have quantified branch bark and 
xylem NSC concentrations have found inconsistent results, 
though a few papers have explicitly determined both bark 
and xylem NSC concentrations simultaneously. For exam-
ple, among evergreen coniferous tree species, branch bark 
and xylem have consisted mostly of sugar (Puri et al. 2015), 
whereas branch xylem has consisted mainly of starch (Hoch 
et al. 2003; Schӓdel et al. 2009) or sugar (Takahashi and 
Furuhata 2016). For deciduous broad-leaved tree species, 
other studies have observed that branch bark and xylem con-
sisted mainly of starch for Q. petraea, whereas bark con-
sisted mainly of sugar and xylem consisted mainly of starch 
for F. sylvatica in October (Barbaroux et al. 2003). Similarly, 
branch xylem consisted mainly of starch in F. sylvatica from 
March to July during bud break (Schӓdel et al. 2009), and 
in Q. petraea, Acer canpestre and F. sylvatica from March 
to October (Hoch et al. 2003). Our results, combined with 
those of past research, indicate that the distribution of sugar 
and starch between twig bark and xylem differ among spe-
cies, especially during key phenological periods, and further 
highlight the importance of looking at both starch and sugar 
separately in bark and xylem for understanding the multiple 
roles of NSC for different tissues (Maguire and Kobe 2015).

We observed that bark sugar, starch, and TNC content 
accounted for 66%, 54%, and 61% of the twig, respectively. 
The NSC content distribution between bark and xylem dis-
proportionately corresponded to bark biomass and ranged 
from 63 to 70% for coniferous evergreens, and 43 to 57% 
for broad-leaved species. In addition, the seasonal varia-
tion in xylem NSC content ranged from 12 to 36%, though 
the contribution of xylem NSC to twig NSC content was 
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lower than bark. Bark exhibits high NSC concentrations 
that translate into high content, despite bark biomass fre-
quently being a smaller proportion of stem biomass, but 
not for twig or small diameter branch which the proportion 
of bark decreased rapidly with increasing branch diameter, 
then bark proportion stays at relatively constant value for 
certain branch diameter due to the allometric relationship 
between phloem and xylem (Kenney et al. 1990; Senelwa 
and Sims 1999; Adler et al. 2005; Rosell et al. 2017). 
Bark NSC reserves can account for 30% of total stem 
NSC reserves in large tree stems (Oren et al. 1988; Zhang 
et al. 2014). Twig bark of the 1-year-old Abies balsamea 
accounted for 91% and 80% of branch starch and sugar 
content, respectively (Little 1970). However, twig bark 
is often removed when estimating canopy NSC reserves, 
such that only xylem NSC concentrations are considered 
(Gruber et al. 2011; Hoch et al. 2003), likely underesti-
mating actual canopy reserves. Moreover, the sugar and 
starch distribution in twig bark and xylem (Barbaroux 
et al. 2003) and seasonal variations in NSC concentrations 
(Zhang et al. 2013) have a large impact on NSC content 
estimates. Our results, along with those of past studies, 
caution that ignoring twig bark NSC content or seasonal 
variations in the relative contribution of bark and xylem 
NSC to total twig contents will bias the estimates of NSC 
reserves and limit the usefulness of NSC as an indicator 
of tree carbon status.

Conclusion

Differences in the physiological functions of bark and 
xylem result in differences in the NSC concentrations in 
each tissue. We observed seasonal NSC dynamics in twig 
bark and xylem in seven temperate tree species exhibiting 
different xylem anatomies and leaf habits across key pheno-
logical periods associated with varying carbohydrate sup-
ply and demand. Our results indicate that bark was larger 
NSC pool than xylem in twigs across a variety of species 
exhibiting different xylem anatomies and leaf habits. The 
inter-specific and functional group comparison of NSC 
components between xylem and twig among species varied 
significantly when only xylem—and not bark—was consid-
ered. Therefore, our results improve our understanding of 
NSC dynamics at the twig level and, importantly, resolve 
how the dynamics of bark and xylem contribute to twig 
NSC balance. These findings point to the important role of 
bark in determining twig NSC dynamics. Future research 
should therefore increasingly follow a bark–xylem approach 
for more species in the key phenological phase for a better 
understanding of NSC distribution and its function in the 
twig.
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