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Temporal and Spatial Glucose and 
Starch Partitioning in Live Oak

Abstract. Carbohydrate translocation, which follows anatomical and developmental patterns, is ruled by source-sink rela-
tions where energy-containing compounds are moved from sources of production to sinks of utilization. Seasonal carbo-
hydrate concentrations in various tree parts were measured and compared in 10 cm (4 in) trunk diameter live oaks (Quercus 
virginiana P. Miller). Tissue samples from roots, trunks, twigs and leaves were collected from three-year-old field-grown trees 
on four dates throughout the 2005–2006 seasons. Laboratory analyses of glucose and starch were performed, and values were 
compared and contrasted according to sample location and time of year. Glucose levels were significantly higher in leaves dur-
ing the winter (P ≤ 0.001), while starch concentrations were significantly higher in root and trunk tissues during the spring and 
winter assessments (P ≤ 0.001). Carbohydrate concentrations varied among tissues sampled within the tree. This study pro-
vides valuable information on the spatial and temporal partitioning of energy reserves, glucose and starch, in live oak so that 
arborists will have a better understanding of tree vitality, and the effects and environmental impacts of arboricultural treatments.
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Carbohydrates are the principal products of photosynthetic ac-
tivity and serve as the main energy reserve of trees (Tromp 
1983). These products are used by organs where they are pro-
duced (e.g., leaves) or are translocated to other organs, a phe-
nomenon controlled by sink-source relations (Allen et al. 2005). 
Therefore, carbohydrates can be translocated from organs 
that produce photosynthates (sources) to organs that produce 
little or no carbohydrates (sinks) where they can be used or 
stored (Taiz and Zeiger 2006). These sink-source relationships 
are influenced by tree vitality, nutritional state, environmen-
tal conditions, and the developmental stage of plants or tissues 
(Tschaplinski and Blake 1994; Grulke et al. 2001; Retzlaff et al. 
2001). Understanding carbohydrate activity is critical in stress-
ful environments, such as urban forests, where tree health is 
negatively impacted and environmental stressors are frequent.

Research has highlighted the important role of carbohydrate 
reserves on a tree’s ability to tolerate stressful conditions (Barba-
roux et al. 2003). Nonstructural carbohydrates (i.e., starch and sol-
uble sugars) influence the capacity in trees for supporting growth, 
metabolism, and ultimately their survival (Kaelke and Dawson 
2005). Most of the research information about reserve transloca-
tion in trees has been explained for young plants grown in green-
houses or natural environments rather than for older trees where 
carbohydrate production, translocation, utilization, and storage 
may differ greatly (Tschaplinski and Blake 1994; Gansert and 
Sprick 1998; Tognetti and Johnson 1999; Domisch et al. 2002). 
Additionaly, much of the recent research concerning carbohydrate 
partitioning has focused on a single season or short period of time 
(DeLucia et al. 1998; Retzlaff et al. 2001; Barbaroux et al. 2003). 

Trees vary in the allocation or use of carbohydrates stored in 
tissues. In deciduous trees, roots and trunk serve as the main stor-
age organs during the dormant season, and their reserves are typi-

cally depleted shortly before leaves begin to emerge; conversely, 
evergreen trees store considerable amounts of starch in leaves 
and branches (Larcher 1980; Grulke et al. 2001; Retzlaff et al. 
2001; Newell et al. 2002). Deciduous trees require extensive car-
bohydrate storage to maintain the living biomass and cope with 
stress-inducing factors (Abod and Webster 1991; Gansert and 
Sprick 1998). For example, white oak (Quercus alba L.) rapidly 
mobilizes and replaces starch reserves during the critical period 
of canopy generation in the spring (McLaughlin et al. 1980). 
Conifers accumulate carbohydrates in needles and twigs prior 
to bud-break and translocate them during the beginning of shoot 
growth (Ludovici et al. 2002). Some conifers such as Scots pine 
(Pinus sylvestris L.) allocate high percentages of sugar in needles 
as a response to low soil temperatures (Domisch et al. 2002). 

Trees in urban environments are subjected to numerous envi-
ronmental stressors throughout the year that negatively impact car-
bohydrate production, utilization, and storage. Live oak (Quercus 
virginiana) is a common species found in urban environments in 
the southern United States due to the species’ elegant canopy shape, 
adaptability to poor sites, low maintenance requirements, disease 
resistance, and long life span, which make this species suitable as 
an ornamental for urban environments (Little 1979; Gilman and 
Watson 1994). Because a live oak’s leaves continue to function 
throughout the winter until the trees defoliate during budbreak, 
the species is considered as semi-evergreen. Therefore, research 
on carbohydrate allocation will help to understand whether the 
species follows a deciduous or evergreen pattern. Even when un-
der urban conditions, carbohydrate allocation can also be affected 
when tree organs are modified by human activities such as root 
pruning, canopy pruning or trunk damage (Harris et al. 2004).

Carbohydrate reserves help to offset low carbohydrate produc-
tion due to stressful conditions or high demand. Differences in 
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the allocation of carbohydrates to storage tissues could arise from 
varied requirements of different organs, different needs during 
growth, or maintenance respiration required among different spe-
cies (Dean 2001; Barbaroux et al. 2003). Variation in starch con-
centrations could indicate different rates of production, demand, 
or shifts in allocation (Ludovici et al. 2002). In trees, the continu-
ous pathways of transport and storage of previous-year assimilates 
are essential for subsequent growth processes, so the coordination 
and interrelations of morphogenic and photosynthetic processes 
are very important (Kaipiainen and Sofronova 2003). Carbohy-
drates can also be used under stress conditions as a precursor for 
secondary compounds used to resist biotic or abiotic stress (Webb 
1981; Renaud and Mauffette 1991). Understanding carbohydrate 
partitioning in live oaks can help in understanding the transloca-
tion of the main carbohydrate, glucose and starch in semi-ever-
green species as well as the relationships between phenological 
stages and movement and utilization of available energy resources.

The objective of this research was to study the non-
structural carbohydrate content, glucose and starch, in tree 
roots, trunks, twigs, and leaves of large, field-grown live 
oaks as well as to determine the impacts of seasonal in-
fluences on carbohydrate concentrations and utilization.

MATERIAL AND METHODS

Plant Material
Five, field-grown live oaks, about 10 cm (4 in) trunk di-
ameter measured 30 cm (12 in) above ground, were ran-
domly selected from within a nursery at Monaville, TX 
(29º57’1.59”N, 96º3’28.73”W). Trees selected in the 2005-
year were planted in 1999 at 5 m (16.4 ft) spacing, and grown 
under similar conditions. The soil was a deep, moderately well 
drained, slowly permeable Lake Charles clay, and trees were 
annually fertilized (20-20-20, water soluble tree fertilizer).

Tissue samples from roots, trunk, and canopy were collected 
from opposing sides of the tree (across and between rows of trees) 
corresponding to the four cardinal points. Root samples consisted 
of 4 mm (0.16 in) diameter increment cores from the buttress 
(woody) roots [2 cm (0.79 in) from the base of the trunk]. Tissues 
from the trunk, cores 4 mm diameter, were collected using an 
increment hammer (Haglof©; Langsele, Sweden) at 1.3 m (4.3 ft) 
height from the ground. Increment cores were approximately 100 
mm (3.94 in) in length. Canopy samples consisted of five 5 cm (2 
in) long twigs with leaves, which were randomly collected from the 
lower two-thirds of the canopy (Mclaughlin et al. 1980). Samples 
from the different parts of the trees were collected within two hours 
in July 2005, September 2005, January 2006, and March 2006.

Samples were stored on blue ice (Rubbermaid®, Fairlawn, OH) 
immediately after collection in the field, transported to the lab with-
in two hours, and oven-dried at 80 ºC (176 ºF) until weights stabi-
lized (approximately 48 hours). After drying, samples were ground 
and stored in plastic bottles at -20 ºC (-4 ºF) until the carbohy-
drate concentrations were analyzed (Kolb and McCormick 1991).

Carbohydrate Analysis
Glucose and starch concentrations were determined for each sam-
ple using Sigma® GAGO-20 reagents (Sigma, St. Louis, MO). Glu-
cose was extracted from tissues using methanol:chloroform:water 
(MCW, 12:5:3, v/v/v) solution, and 0.5 mL (0.02 fl oz) of the su-

pernatant from the extract or glucose standards was mixed with 5 
ml (0.17 fl oz) of anthrone reagent (Jaenicke and Thiong’o 1999). 
Absorbance of samples and standards were read at 625 nm within 
30 minutes using a spectrophotometer (Spectronic 20, Baush & 
Lomb, Rochester, NY). Glucose concentrations were calculated 
through standard linear regressions and expressed as mg per g of 
dry weight. Starch content was determined by enzymatic conver-
sion of starch to glucose. In the remaining pellet after glucose ex-
tractions, amyloglucosidase, an enzyme responsible for the con-
version of starch to glucose, was used. Standards were prepared 
using potato starch, and the samples were read at 540 nm within 
30 minutes. Starch content was calculated through standard linear 
regressions and expressed as mg of glucose per g of dry weight. 
(Haissig and Dickson 1979; Renaud and Mauffette 1991). 

Data Analysis
An analysis of variance was conducted on data including in 
the model cardinal orientation, type of tissue, and time of 
year. Results from samples collected from opposite side of 
the tree (North-South, and West-East) were pooled in order to 
compare differences among and between rows in the nurs-
ery. The data was analyzed with the procedure General Linear 
Model (GLM) using the Statistical Package for the Social Sci-
ences (SPSS, v. 13) for Windows (SPSS, Chicago, IL). Com-
parisons among tissues and within orientations were per-
formed using Fisher’s Least Significant Differences (LSD) to 
determine differences in carbohydrate concentration in trees.

RESULTS AND DISCUSSION
Statistical analysis revealed no main or interactive effect (P > 
0.5) of cardinal orientation. When data from opposing orienta-
tions (N-S and E-W) were pooled, no differences were found 
(data not shown). These results indicate that future research in-
volving tissue sampling for carbohydrates may not be impacted 
by cardinal direction when sampling similar tissues at similar 
heights. However, carbohydrate reserve concentrations varied 
from base to the top in the trunk of sessile oak (Quercus pe-
trea L.) and beech (Fagus sylvatica L.) (Babaroux et al. 2003).

Differences in glucose concentrations among tissues varied (P 
< 0.001) across seasons (Figure 1). Glucose content was higher 
in leaves than in other tissues tested through the year, except in 
September when there were no significant differences in glucose 

Figure 1. Glucose concentrations (mg/g dry weight) measured in 
live oak samples collected at four different dates. Bars represent 
the SE of the mean.



Arboriculture & Urban Forestry 35(2): March 2009

©2009 International Society of Arboriculture

65

levels in leaves and roots. Although leaf glucose levels decreased 
in September, they were still higher than glucose levels in trunk 
and twigs. To the contrary, species such as pecan (Carya illinoin-
ensis (Wangenh) K. Koch) or ponderosa pine (Pinus ponderosa 
Laws.) showed constant concentration of glucose during the 
growing season in different tissues of the tree (Grulke et al. 2001; 
Kim and Wetzstein 2005). Foliar glucose levels decreased in July 
and September, possibly due to the developmental stage of leaves 
(Figure 1). The glucose fraction in roots reached the highest con-
centration in the fall which may likely indicate a high transloca-
tion of sugars to roots for storage purposes. Root glucose levels 
were lower in the March–July period, which corresponds to the 
time when the roots had the highest levels of starch (Figure 2). 
The decrease in glucose content in leaves during fall can be a 
result of the high translocation and replacement of carbohydrates 
from source to sinks or storing organs (McLaughlin et al. 1980).

Glucose concentrations in leaves might increase in winter 
because live oaks maintain live leaves throughout the winter as 
a response to environmental factors. Ludovici et al. (2002) also 
found a two-to-three-fold increase in winter glucose concentra-
tions when compared to summer levels in needles of loblolly pine 
(Pinus taeda L). The high levels of glucose in leaves during the 
winter assessment can be caused as a response to the low temper-
atures [below 0 ºC (32 ºF)] that occurred before the sample col-
lection. Conversion of starch to sugar is a physiological manifes-
tation of cold hardiness in trees (Levitt 1980; Nguyen et al. 1990). 

A significant interaction (P < 0.001) was also found for 
starch among time of year and tissues sampled. The highest 
starch concentrations were measured in roots and trunks dur-
ing spring and winter (Figure 2), thus confirming their role in 
facilitating carbohydrate storage (Allen et al. 2005). Similar re-
sults were found for trunks and roots of sessile oak which had 
higher quantities of carbohydrate reserves in autumn than in 
late summer (Barbaroux et al. 2003). Trunk tissues showed a 
depletion of starch from spring to the summer (Figure 2). Gan-
sert and Sprick (1998) identified starch disappearance during 
the summer in beech. Low concentrations of starch were also 
found during the spring in Scots pine (Domisch et al. 2002).

Starch concentrations found in roots and trunk (Figure 2) em-
phasize the importance of these two organs as carbohydrate res-
ervoirs during the dormant season. These storage tissues have an 

indispensable role during the initiation of vegetative growth in the 
spring. The reduction of starch levels observed in the summer is like-
ly a consequence of growth and high night temperatures and is as-
sociated with the hydrolyzation of stored carbohydrates for growth 
and maintenance (Kaipiainen and Sofronova 2003; Pallardy 2008).

Even when the interaction of type of tissue and time of year 
was significant, the annual mean carbohydrate concentrations 
varied among different tissues in trees (data not shown). Glucose 
levels in leaves were about double than those in twig, root, and 
trunk tissues. For starch, an inverse pattern was found where root 
and trunk tissues had more than three times the starch content 
than foliar tissues. This overall concentration pattern corrobo-
rates source-sink mechanisms for carbohydrate partitioning de-
scribed in other studies (Kaipaiaien and Sofronova 2003; Kaelke 
and Dawson 2005; Taiz and Zeiger 2006). Dean (2001) indi-
cated that root allocation can be affected by stem competition 
because stems precede roots on the chain of carbohydrate sinks.

For future studies aimed at monitoring carbohydrate levels 
in trees, additional factors must be considered. For example, 
twigs exhibited less variation compared with other tissues ana-
lyzed and were easy to collect any time of year without causing 
considerable severe injury to the trees. Leaves are only avail-
able during the growing season and it requires being careful to 
obtain a homogenous sample during the dormant season. In the 
case of sampling roots and trunks, the tree sustains more dam-
age that may disrupt physiological functions. In addition, fine 
root sampling can be complicated due to the partial loss of the 
sample during the washing process (Kaipiainen and Sofronova 
2003). Changes depending on species have also been reported 
for carbohydrate partitioning (Newell et al. 2002). Based on the 
results of this study, trunk, root, twig, or leaf tissue, and can be 
used to monitor glucose and starch levels throughout the year; 
however, the seasonal variation in different parts of the tree 
and the different species should be taken into consideration.
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Résumé. La translocation des hydrates de carbone qui suit des patrons 
de développement et d’anatomie spécifiques est régie par des relations de 
source-vide où les molécules porteuses d’énergie sont transportés des 
zones source de production vers les zones d’utilisation qui sont en be-
soin. Les concentrations saisonnières en hydrates de carbone de diverses 
portions de l’arbre ont été mesurées et comparées parmi des chênes verts 
(Quercus virginiana P. Miller) de 10 cm de diamètre de tronc. Des échan-
tillons de tissus provenant de racines, de troncs, de tiges et de feuilles ont 
été recueillis auprès d’arbres en champ de trois ans à quatre moments 
différents en 2005 et 2006. Des analyses en laboratoire de glucose et 
d’amidon ont été menées et les valeurs comparées entre elles en fonction 
de la localisation et de la période de l’année. Les niveaux de glucose 
étaient significativement plus élevés dans les feuilles durant l’hiver (P ≤ 
0,001), alors que les concentrations en amidon étaient significativement 
plus élevées dans les tissus de racines et de troncs au printemps et en hiv-
er (P ≤ 0,001). Les concentrations en hydrates de carbone variaient parmi 
les tissus au sein d’un même arbre. Cette étude fournit de l’information 
précieuse sur la répartition spatiale temporelle des réserves d’énergie, 
glucose et amidon, chez le chêne vert ce qui permet aux arboriculteurs 
d’avoir une meilleure compréhension de la vitalité de l’arbre ainsi que 
des effets et des impacts environnementaux des traitements arboricoles.

Zusammenfassung. Die Kohlenhydrat-Translokation, welche nach 
anatomischen und entwickungsentsprechenden Strukturen abläuft, ist 
beherrscht durch Source-sink-Beziehungen, wo die energiehaltigen Be-
standteile von der Quelle der Produktion zur Stelle des Einsatzes trans-
portiert werden. Bei jungen Lebenseichen mit 10 cm Stammdurchm. wur-
den saisonale Kohlenhydratkonzentrationen in verschiedenen Baumteilen 
gemessen und verglichen. In der Saison 2005 bis 2006 wurden viermal 
an dreijährigen Bäumen Gewebeproben aus Wurzeln, Stamm, Zweigen 
und Blättern entnommen. Im Labor wurde der Glukose- und Stärkegehalt 
bestimmt, die Werte verglichen und entsprechend ihrer Entnahmestelle 

und Jahreszeit in Vergleich gesetzt. Die Glukosegehalte waren in den 
Blättern im Winter deutlich höher, während die Stärkekonzentrationen 
im Winter und Frühjahr in den Wurzeln und Stammgewebe deutlich 
höher waren. Die Kohlenhydratkonzentrationen variierten innerhalb des 
Baumes. Diese Studie liefert wertvolle Informationen über die räumliche 
und temporäre Partitionierung von Energiereserven, Glukose und Stärke, 
in Lebenseichen, so dass Arboristen nun ein besseres Verständnis für die 
Vitalität und die Auswirkungen von Pflegemaßnahmen auf die Bäume 
bekommen.

Resumen. La translocación de carbohidratos, la cual sigue patrones 
de desarrollo anatómicos, está regida por las relaciones fuente-recipiente 
donde los compuestos energéticos son movidos de fuentes de produc-
ción a recipientes de utilización. Las concentraciones estacionales de 
carbohidratos en varias partes del árbol fueron medidas y comparadas 
en encinos siempreverdes (Quercus virginiana P. Miller) con diámetros 
del tronco de 10 cm (4 pulg). Se colectaron muestras de tejido de raíces, 
troncos, brotes y hojas de árboles de campo de tres años en cuatro fe-
chas, a través de las estaciones, en 2005–2006. Se realizaron análisis 
de laboratorio de glucosa y almidón y los valores fueron comparados y 
contrastados de acuerdo a la localización de la muestra y época del año. 
Los niveles de glucosa fueron significativamente más altos en las hojas 
durante el invierno (P ≤ 0.001), mientras que las concentraciones de alm-
idón fueron significativamente más altas en los tejidos de las raíces y el 
tronco durante las mediciones de primavera e invierno (P ≤ 0.001). Las 
concentraciones de carbohidratos variaron entre los tejidos muestreados 
dentro del árbol. Este estudio proporciona información valiosa sobre la 
distribución espacial y temporal de las reservas de energía, glucosa y 
almidón en encinos, por lo que los arboristas tendrán un mejor enten-
dimiento de la vitalidad del árbol y los efectos e impactos ambientales de 
los tratamientos arboriculturales. 




