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�7�R���X�Q�G�H�U�V�W�D�Q�G���Z�D�W�H�U���X�V�H���V�W�U�D�W�H�J�L�H�V���R�I ���Z�R�R�G�\���E�D�P�E�R�R���V�S�H�F�L�H�V�����V�D�S���Á�X�[���G�H�Q�V�L�W�\����Fd�����L�Q���W�K�H���F�X�O�P�V���R�I ���D���Z�R�R�G�\���E�D�P�E�R�R����Bambusa 
vulgaris���6�F�K�U�D�G�H�U���H�[���:�H�Q�G�O�D�Q�G�����Z�D�V���P�R�Q�L�W�R�U�H�G���X�V�L�Q�J���W�K�H���W�K�H�U�P�D�O���G�L�V�V�L�S�D�W�L�R�Q���P�H�W�K�R�G�����7�K�H���G�D�\�W�L�P�H���D�Q�G���Q�L�J�K�W���W�L�P�H��Fd were ana-
lyzed in the dry and rainy seasons. Additionally, diurnal changes in root pressure, culm circumference, and stomatal conductance 
��gs) were investigated to characterize the mechanisms used to maintain diurnal water balance of  woody bamboos. Both in the 
dry and rainy seasons, daytime Fd���U�H�V�S�R�Q�G�H�G���W�R���Y�D�S�R�U���S�U�H�V�V�X�U�H���G�H�À�F�L�W�����9�3�'�����L�Q���D�Q���H�[�S�R�Q�H�Q�W�L�D�O���I�D�V�K�L�R�Q�����Z�L�W�K���D���I�D�V�W���L�Q�L�W�L�D�O���L�Q�F�U�H�D�V�H��
in Fd���Z�K�H�Q���9�3�'���L�Q�F�U�H�D�V�H�G���I�U�R�P�������W�R���� �N�3�D�����7�K�H��Fd and gs���V�W�D�U�W�H�G���W�R���L�Q�F�U�H�D�V�H���Y�H�U�\���I�D�V�W���D�V���O�L�J�K�W���L�Q�W�H�Q�V�L�W�\���D�Q�G���9�3�'���L�Q�F�U�H�D�V�H�G���L�Q���W�K�H��
�P�R�U�Q�L�Q�J�����E�X�W���W�K�H�\���G�H�F�U�H�D�V�H�G���V�K�D�U�S�O�\���R�Q�F�H���W�K�H���P�D�[�L�P�X�P���Y�D�O�X�H���Z�D�V���D�F�K�L�H�Y�H�G�����7�K�H��Fd���U�H�V�S�R�Q�V�H���R�I ���W�K�L�V���Z�R�R�G�\���E�D�P�E�R�R���W�R���9�3�'���Z�D�V��
�P�X�F�K���I�D�V�W�H�U���W�K�D�Q���W�K�D�W���R�I ���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���W�U�H�H�V���D�Q�G���S�D�O�P�V���J�U�R�Z�L�Q�J���L�Q���W�K�H���V�D�P�H���V�W�X�G�\���V�L�W�H�����V�X�J�J�H�V�W�L�Q�J���L�W�V���I�D�V�W���V�D�S���Á�R�Z���D�Q�G���V�W�R�P�D-
tal responses to changes in ambient environmental factors. The Fd in the lower and higher culm positions started to increase at 
the same time in the morning, but the Fd in the higher culm position was higher than that of  the lower culm in the afternoon. 
�&�R�Q�V�L�V�W�H�Q�W�O�\�����G�L�V�W�L�Q�F�W���G�H�F�U�H�D�V�H�V���L�Q���L�W�V���F�X�O�P���F�L�U�F�X�P�I�H�U�H�Q�F�H���L�Q���W�K�H���D�I�W�H�U�Q�R�R�Q���Z�H�U�H���G�H�W�H�F�W�H�G�����7�K�H�U�H�I�R�U�H�����X�Q�O�L�N�H���W�U�H�H�V�����Z�D�W�H�U���V�W�R�U�D�J�H��
�R�I ���E�D�P�E�R�R���F�X�O�P�V���Z�D�V���Q�R�W���X�V�H�G���I�R�U���L�W�V���W�U�D�Q�V�S�L�U�D�W�L�R�Q���L�Q���W�K�H���P�R�U�Q�L�Q�J���E�X�W���L�Q���W�K�H���D�I�W�H�U�Q�R�R�Q�����1�R�F�W�X�U�Q�D�O���V�D�S���Á�R�Z���R�I ���W�K�L�V���Z�R�R�G�\���E�D�P-
�E�R�R���Z�D�V���D�O�V�R���G�H�W�H�F�W�H�G���D�Q�G���U�H�O�D�W�H�G���W�R���U�R�R�W���S�U�H�V�V�X�U�H�����:�H���F�R�Q�F�O�X�G�H���W�K�D�W���W�K�L�V���E�D�P�E�R�R���K�D�V���I�D�V�W���V�D�S���Á�R�Z���V�W�R�P�D�W�D�O���U�H�V�S�R�Q�V�H�V���W�R��
irradiance and evaporative demands, and it uses substantial water storage for transpiration in the afternoon, while root pressure 
appears to be a mechanism resulting in culm water storage recharge during the night.
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Introduction

Despite the relatively large number of studies on water use and 
transport in trees (e.g., Wullschleger et al. 1998, Granier et al. 
2000, Meinzer et al. 2001, James et al. 2003, C�àermák et al. 
2004 , Kunert et al. 2010, Zhang et al. 2013, Kim et al. 2014), 
there are few studies on water use in woody bamboo species. 
Woody bamboos are an important group of plants and exten-
sively distributed in both tropical and subtropical regions world-
wide. Woody bamboos are increasingly being considered to be 

a possible substitute for trees as renewable forest resources and 
non-timber products. Due to increasing demand and exploitation 
of timber resources, forest areas in the world have been rapidly 
decreasing, while bamboo forests have been expanding 
(Komatsu et al. 2010, Lima et al. 2012). Bamboos are not only 
a common component in the understory of many forests, but 
also are used in land restoration, soil erosion control and water 
conservation (Zhou et al. 2005). In contrast to their ecological 
and economical importance, there are only a few published 
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papers on the water-use strategy of woody bamboos (Hogarth 
2004 , Dierick et al. 2010, Kume et al. 2010, Schwendenmann 
et al. 2010, Yang et al. 2012). Understanding water-use char-
acteristics of woody bamboos will be crucial for providing basic 
information on assessing water use of bamboo forests and 
improving hydrological management of these ecosystems.

As monocots and clonal plants, bamboo species lack second-
ary growth in their stem (culm) walls and have a large opening 
in the center of the culm. Their rapid growth rates and highly 
developed rhizome systems connecting culms underground sug-
gest that woody bamboos may have different hydraulic architec-
tures and water-use strategies compared with dicotyledonous 
woody plants. Additionally, woody bamboos exhibit high root 
pressure, which may be used to repair xylem cavitation during 
the night. Previous studies have found that root pressure is com-
mon in bamboo species and the occurrence of root pressure is 
important for woody bamboos to maintain diurnal water balance 
(Cochard et al. 1994, Saha et al. 2009, Wang et al. 2011, Cao 
et al. 2012, Yang et al. 2012). Water transport derived by root 
pressure may also be used to recharge the culm water storage, 
mainly culm parenchyma surrounding all vascular bundles (Liese 
and Köhl 2015). The parenchyma cells constitute �52% of the 
bamboo culm (Liese 1998), which could potentially serve as a 
large storage for water. However, the relationship between root 
�S�U�H�V�V�X�U�H���D�Q�G���D�V�V�R�F�L�D�W�H�G���[�\�O�H�P���V�D�S���Á�R�Z�����D�Q�G���L�W�V���F�R�Q�W�U�L�E�X�W�L�R�Q���W�R��
diurnal water balance have never been studied.

�;�\�O�H�P���V�D�S���Á�R�Z���L�V���F�O�R�V�H�O�\���U�H�O�D�W�H�G���W�R���W�U�D�Q�V�S�L�U�D�W�L�R�Q���D�Q�G���Z�D�W�H�U��
�W�U�D�Q�V�S�R�U�W�� �H�I�À�F�L�H�Q�F�\�� ��Granier 1987, Smith and Allen 1996, 
Wullschleger et  al. 1998, Granier et  al. 2000, C�àermák et  al. 
2007 �������,�Q���U�H�F�H�Q�W���\�H�D�U�V�����Y�D�U�L�R�X�V���V�D�S���Á�R�Z���P�H�D�V�X�U�H�P�H�Q�W���P�H�W�K�R�G�V��
�K�D�Y�H���E�H�H�Q���H�P�S�O�R�\�H�G���W�R���L�Q�Y�H�V�W�L�J�D�W�H���S�O�D�Q�W���V�D�S���Á�R�Z���U�H�V�S�R�Q�V�H�V���W�R��
changing environmental conditions (e.g., Granier 1985, Oren 
et  al. 1999, Traver et  al. 2010, Vandegehuchte and Steppe 
2012). The Granier’s thermal dissipation probe (TDP) method, 
�E�D�V�H�G���R�Q���W�K�H���K�H�D�W���Á�X�[���H�[�F�K�D�Q�J�H���S�U�L�Q�F�L�S�O�H�����L�V���W�K�H���P�R�V�W���F�R�P�P�R�Q�O�\��
�X�V�H�G���V�D�S���Á�R�Z���W�H�F�K�Q�L�T�X�H���I�R�U���H�V�W�L�P�D�W�L�Q�J���S�O�D�Q�W���W�U�D�Q�V�S�L�U�D�W�L�R�Q���E�H�F�D�X�V�H��
of its simplicity, low cost and continuous measurements (Lu et al. 
2004 , Meinzer et al. 2004). The accuracy and reliability of the 
�7�'�3���P�H�W�K�R�G���W�R���V�W�X�G�\���E�D�P�E�R�R���V�D�S���Á�R�Z���D�Q�G���W�U�D�Q�V�S�L�U�D�W�L�R�Q���K�D�V���E�H�H�Q��
assessed (Dierick et al. 2010, Kume et al. 2010). Using this 
method, it has been reported that daily transpiration of the Moso 
bamboo (Phyllostachys pubescens E. Mazel ex H. de Leh.) stand 
is higher than that of the neighboring coniferous species in Japan 
(Komatsu et al. 2010, Kume et al. 2010). Thus, this method can 
be applied to study the water-use strategies used by woody bam-
boos to regulate water loss and maintain diurnal water balance.

Bambusa vulgaris Schrader ex Wendland, a common woody 
clumping bamboo species, is widely distributed in tropical and 
subtropical areas. Using this woody bamboo species as a repre-
sentative taxon, the main objectives of our study were: (i) to 
�L�G�H�Q�W�L�I�\�� �K�R�Z�� �E�D�P�E�R�R�� �F�X�O�P�� �V�D�S�� �Á�X�[�� �G�H�Q�V�L�W�\�� ��Fd) responds to 
changes in meteorological conditions during the dry and rainy 

seasons, (ii) to characterize the contribution of bamboo culm 
water storage to daily transpiration and (iii) to infer the relative 
�F�R�Q�W�U�L�E�X�W�L�R�Q���R�I���Q�R�F�W�X�U�Q�D�O���V�D�S���Á�R�Z���G�X�H���W�R���U�R�R�W���S�U�H�V�V�X�U�H���W�R���W�K�H��
recharge of culm water storage and diurnal water balance.

Materials and methods

Study site and plant material

From 2011 to 2012, the present study was carried out in a 
large bamboo collection at the Xishuangbanna Tropical Botanical 
Garden (21°56�N, 101°150�E, 570 m above sea level) located 
in Yunnan Province, Southwest China. Mean annual temperature 
of our study area is 21.7 °C. Annual precipitation is 1557 mm, 
with a distinct dry season lasting from November to April, and a 
rainy season from May to October in which �85% of the annual 
rainfall occurs.

The meteorological monitoring data (e.g., photosynthetic pho-
�W�R�Q���Á�X�[���G�H�Q�V�L�W�\�����3�3�)�'�������Z�H�U�H���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���;�L�V�K�X�D�Q�J�E�D�Q�Q�D��
Station for Tropical Rain Forest Ecosystem Studies (XSTRFES), 
with a distance � 3 km from the study site. The mean monthly air 
temperature and rainfall during the study period are shown in 
Figure 1. According to the climatic records by the XSTRFES, a 
heavy fog occurs from midnight to the following morning of 
almost every day from November to February during the dry 
�V�H�D�V�R�Q�����7�K�H���Y�D�S�R�U���S�U�H�V�V�X�U�H���G�H�À�F�L�W�����9�3�'�����N�3�D�����Z�D�V���F�D�O�F�X�O�D�W�H�G��
using the average air temperature (Ta, °C) and air relative humidity 
(RH, %) per hour according to the formula:
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(1)

where a, b and c���D�U�H���À�[�H�G���S�D�U�D�P�H�W�H�U�V�����Z�K�L�F�K���D�U�H������������ �N�3�D����
17.502 (unitless) and 240.97 °C, respectively (Campbell and 
Norman 1998).

2  Yang et al.

Figure  1.  Monthly average rainfall and ambient temperature at the 
Xishuangbanna Tropical Botanical Garden during the study period (from 
2011 to 2012). (Data from Xishuangbanna Station for Tropical Rain 
Forest Ecosystem Studies; elevation 570 m).
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Bambusa vulgaris Schrader ex Wendland, known as Golden 
Bamboo, is a perennial evergreen species of the clumping bam-
boos. It is found in the tropical and subtropical areas, especially 
in East, Southeast and South Asia. Currently, it is also widely 
cultivated in the USA and European countries. This woody bam-
boo species not only serves as a superior material for building, 
�V�F�D�I�I�R�O�G�L�Q�J���� �S�D�S�H�U���P�D�N�L�Q�J�� �D�Q�G���Z�H�D�Y�L�Q�J�� �G�X�H���W�R���L�W�V���T�X�D�O�L�W�L�H�V���R�I��
�V�W�U�H�Q�J�W�K�����O�L�J�K�W���Z�H�L�J�K�W���D�Q�G���Á�H�[�L�E�L�O�L�W�\�����E�X�W���D�O�V�R���L�V���Z�L�G�H�O�\���X�V�H�G���D�V���D�Q��
ornamental plant with merit of its bright yellow culms along with 
deep green stripes. Normally, the common bamboo grows best 
under warm humid conditions, but it can tolerate unfavorable 
conditions such as mild low temperatures and mild drought. An 
individual bamboo clump (ramet) is composed of a number of 
culms connected by its rhizomes. Six bamboo clumps with 
mature culms positioned 10–30 m away from each other were 
selected in this study. The average height and wall thickness of 
bamboo culms used as the replicates in the present study were 
� 10 m and 2.5 cm, respectively.

�6�D�S���Á�X�[���G�H�Q�V�L�W�\���P�H�D�V�X�U�H�P�H�Q�W

�6�D�S���Á�X�[���G�H�Q�V�L�W�\���Z�D�V���P�H�D�V�X�U�H�G���X�V�L�Q�J���������P�P���O�R�Q�J���W�K�H�U�P�D�O���G�L�V-
sipation sensors with two cylindrical probes, as described by 
Granier (1985, 1987) �����%�U�L�H�Á�\�����W�K�H���V�H�Q�V�R�U�V���Z�H�U�H���L�Q�V�H�U�W�H�G���L�Q�W�R��
the north facing side of the culm at breast height (1.3 m above 
the ground). The upper probe was continuously heated with a 
constant power of 0.2 W, while the lower probe, located 10 cm 
below the upper one, was left unheated as a reference. Sensors 
�Z�H�U�H���F�R�Y�H�U�H�G���Z�L�W�K���D���U�H�Á�H�F�W�L�Y�H���D�O�X�P�L�Q�X�P���V�K�H�H�W���D�Q�G���Z�U�D�S�S�H�G���Z�L�W�K��
a plastic tarp to protect the probes from solar irradiation and rain 
damage. The difference of temperature (�T) between the two 
probes was monitored at 30 s intervals, and 5 min averages 
�Z�H�U�H���U�H�F�R�U�G�H�G���Z�L�W�K���D���G�D�W�D���O�R�J�J�H�U�����&�5�������������&�D�P�S�E�H�O�O���6�F�L�H�Q�W�L�À�F��
Inc., Logan, UT, USA) connected with a 32-channel multiplexer 
���$�0���������������&�D�P�S�E�H�O�O���6�F�L�H�Q�W�L�À�F���,�Q�F���������7�H�P�S�H�U�D�W�X�U�H���G�L�I�I�H�U�H�Q�F�H�V��
(�T) between the heated and reference probes were converted 
to Fd (g m�2  s�1 �����D�F�F�R�U�G�L�Q�J���W�R���D�Q���H�P�S�L�U�L�F�D�O���F�D�O�L�E�U�D�W�L�R�Q���H�T�X�D�W�L�R�Q��
(Granier 1987):
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where �T max is the maximal temperature difference between the 
�K�H�D�W�H�G���D�Q�G���W�K�H���U�H�I�H�U�H�Q�F�H���S�U�R�E�H�V���Z�K�H�Q���[�\�O�H�P���V�D�S���Á�R�Z���Y�H�O�R�F�L�W�\��
�L�V���Q�H�D�U���]�H�U�R���� �:�K�H�Q���[�\�O�H�P���V�D�S���Á�R�Z���R�F�F�X�U�V���� �V�R�P�H���R�I �� �W�K�H���K�H�D�W��
produced by the heated probe is dissipated by convection. �T is 
the actual temperature difference between the two probes, and 
�L�W���G�H�F�U�H�D�V�H�V���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���V�D�S���Á�R�Z���Y�H�O�R�F�L�W�\��

To assess diurnal and seasonal contribution of culm water 
storage to the transpiration of the woody bamboo species, the 
measurements of Fd were made at two different positions (at 
breast height and near the top of the culm, � 8 m above the 
ground). Since the wall thickness of hollow culms becomes 

thinner along the culm height, the standard probe (20-mm 
length) might penetrate through the culms walls, causing seri-
ous underestimation of Fd. To ensure that the entire probe length 
is in contact with the hydraulically active area of the culms, the 
probes were inserted tangentially into culms at the top of the 
culm, rather than radially at breast height, according to the previ-
ously developed methods to deal with a probe length longer 
than the active sapwood depth (Lu et al. 2004).

Culm cross-sectional sapwood area determination 
�D�Q�G �V�D�S���Á�R�Z���H�V�W�L�P�D�W�L�R�Q

Because the bamboo culm is circular and hollow, the culm cross-
sectional sapwood area (As) at breast height for all studied bam-
boo culms was calculated based on a linear regression 
relationship between As and culm circumference, which was 
established from measurements obtained from other 26 culms 
of the same woody bamboo species in the same research site 
(see Figure 7). The mean diameter at breast height (DBH) for 
the sampled bamboo culms was 9.5 cm, ranging from 7.9 to 
10.8 cm.

�7�R���G�H�W�H�U�P�L�Q�H���Z�K�R�O�H���L�Q�G�L�Y�L�G�X�D�O�����U�D�P�H�W�����W�U�D�Q�V�S�L�U�D�W�L�R�Q�����V�D�S���Á�R�Z��
(F, kg day� 1) was calculated from Fd and culm cross-sectional 
sapwood area (As) as

	 � � �� �� � � 	 (3)

Owing to the fact that vascular bundles are randomly scat-
tered across the culms, the radial and circumferential variation in 
Fd���Z�D�V���Q�R�W���F�R�Q�V�L�G�H�U�H�G���L�Q���W�K�L�V���V�W�X�G�\�����7�K�H���X�Q�L�W���R�I���V�D�S���Á�R�Z�����J �V�1 ) 
was then converted to kg day� 1. The night-time (18:00–
����������  �K�����V�D�S���Á�R�Z���Z�D�V���G�L�V�W�L�Q�J�X�L�V�K�H�G���I�U�R�P���W�K�H���W�R�W�D�O���V�D�S���Á�R�Z���S�H�U��
day according to reduced solar radiation and low VPD during the 
time period. The response pattern of daytime Fd of bamboos to 
VPD was also compared with that of representative palms  
(R.Y. Ma and S.J. Yang, unpublished data), trees and lianas (Chen 
et al. 2015) growing at the same study site.

Culm circumference variations and leaf stomatal 
conductance measurements

Since bamboos lack the capacity for secondary growth, diurnal 
�Á�X�F�W�X�D�W�L�R�Q�V���R�I���F�X�O�P���F�L�U�F�X�P�I�H�U�H�Q�F�H���P�D�L�Q�O�\���U�H�Á�H�F�W���F�K�D�Q�J�H�V���L�Q���W�K�H��
tissue water content. The changes in culm circumference of this 
woody bamboo were monitored by circumference dendrometers 
(Type DC2, Ecomatik, Munich, Germany). Sensors were 
mounted at breast height on the culms of six different bamboo 
ramets, which were the same individual clumps used for Fd mea-
surements. Each sensor consisted of a pressure transducer 
enclosed in a watertight aluminum casing and a wire cable with 
�D���Y�H�U�\���O�R�Z���F�R�H�I�À�F�L�H�Q�W����� 1.4 �  10�6  K�1 ) of thermal expansion. 
The resolution of the sensor is 0.3 � m, and the accuracy is 
2 �m. Tension signals as a result of strain exerted on the wire 
cable, caused by changes in culm circumference, were recorded 
and averaged every 5 min automatically with a data logger 
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(Ulogger, Ecomatik, Munich, Germany). The resistance signal 
values were converted to the culm circumference changes (�m) 
according to the following formula:

������������ � � ������ ������ �� �� �� ���������
 � � ���
��� � 	(4)

where signal values (Ohms) are the resistance signal outputted 
by the data logger, and Calibration factor (�m Ohms�1 ) is a con-
stant that is printed on the outside of each sensor. The diurnal 
variation in bamboo culm diameter was also calculated from the 
culm circumference changes.

Diurnal variation in stomatal conductance (gs) was monitored 
in B. vulgaris with a Li-6400 potable photosynthetic system 
(LI-COR, Lincoln, NE, USA) every 2 h on a sunny day (15 February 
2012), with the help of a crane to access the canopy of this 
bamboo species. Measurements were carried out on six fully 
expanded leaves from six ramets. During the measurements, the 
air temperature, RH and CO2 concentration in the leaf chamber 
were set to match ambient environmental conditions.

Root pressure and leaf water potential measurements

Root pressure was monitored for B. vulgaris from dusk to the 
next day. A small branch close to the ground was selected and 
cut with gardening scissors. The cross-section was recut again 
�Z�L�W�K���D���I�U�H�V�K���U�D�]�R�U���E�O�D�G�H���D�Q�G���F�R�Q�Q�H�F�W�H�G���W�R���D���S�O�D�V�W�L�F���W�X�E�H���À�O�O�H�G��
�Z�L�W�K���G�L�V�W�L�O�O�H�G���Z�D�W�H�U���D�Q�G���À�W�W�H�G���Z�L�W�K���D�Q���H�O�H�F�W�U�R�Q�L�F���S�U�H�V�V�X�U�H���W�U�D�Q�V-
ducer (PX26-100DV, Omega Engineering, Stamford, CT, USA). 
The dynamics of pressure variation was then recorded at 10 min 
intervals automatically with a data logger (CR1000, Campbell 
�6�F�L�H�Q�W�L�À�F���,�Q�F�������� �5�R�R�W���S�U�H�V�V�X�U�H���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V���W�K�H���S�U�H�V�V�X�U�H��
measured at the cut end, added to the hydrostatic pressure gen-
erated by the water column from the ground to the cut end.

To determine the extent to which plant water status was 
affected by diurnal changes in water availability, diurnal variation 
in leaf water potential was monitored in the dry season. Six 
shoots with fully developed mature leaves from six different 
ramets of B. vulgaris were collected every 2 h between 06:00 
and 24:00 h on a sunny day. The excised shoots were left sealed 
in the plastic bag with moist tissue paper that was not in contact 
with the samples, and then transported immediately to the adja-
cent laboratory for water potential determinations. Shoots were 
used because of the short nature of the bamboo leaf petioles. 
Leaf water potential measurements were conducted using a por-
table leaf pressure chamber (PMS 1000, PMS Instrument Com-
pany, Corvallis, OR, USA).

Data analysis and statistics

Statistical analyses were performed using SPSS 16.0 (SPSS Inc., 
Chicago, IL, USA). The independent t-test was conducted to test 
�Z�K�H�W�K�H�U���W�K�H�U�H���Z�H�U�H���V�L�J�Q�L�À�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���L�Q���W�K�H���P�H�D�Q���P�D�[�L�P�X�P��
Fd of this woody bamboo between the dry and rainy seasons. 
The relationships between Fd and meteorological variables 

(PPFD, Ta���D�Q�G���9�3�'�����Z�H�U�H���À�W�W�H�G���Z�L�W�K���O�L�Q�H�D�U�����H�[�S�R�Q�H�Q�W�L�D�O���R�U���V�L�J-
moidal functions. One-way analysis of variance (ANOVA) was 
applied to test the difference in nocturnal percentage of total 
�G�D�L�O�\���V�D�S���Á�R�Z���E�H�W�Z�H�H�Q���W�K�H���G�U�\���D�Q�G���U�D�L�Q�\���V�H�D�V�R�Q�V��

Results

Response of woody bamboo Fd to PPFD, Ta and VPD

In the morning (07:00–12:00 h) of the dry season, bamboo Fd 
did not increase rapidly until PPFD reached 1400 � mol m�2  s�1 . 
On the other hand, bamboo Fd began to increase promptly 
after PPFD approached 600 � mol m� 2 s� 1 in the rainy season 
(Figure 2a and c). In the afternoon (13:00–18:00 h), bamboo 
Fd remained nearly constant regardless of PPFD values both in 
the dry and rainy seasons (Figure 2b and d). During the daytime 
and night-time of the dry season, the relationships between 
bamboo Fd and air temperature (Ta) had sigmoidal shapes. How-
ever, both daytime and night-time Fd were linearly correlated to 
Ta in the rainy season (Figure 2e and f). Both in the dry and rainy 
seasons, the daytime Fd increased asymptotically with increasing 
VPD, reaching the maximum Fd at 1.4 kPa. For a given VPD, the 
night-time Fd was lower than the daytime Fd. (Figure 2g and h).

The response pattern of daytime Fd to VPD in bamboos was 
similar to lianas but different from the simultaneously measured 
representative palms (R.Y. Ma and S.J. Yang, unpublished data) 
and trees (Chen et al. 2015) at the same study site (Figure 3). 
Both bamboos and lianas showed much faster increases in day-
time Fd as VPD increased. Daytime Fd of bamboos started to 
increase at 0.1 kPa, while that of trees and palms started to 
increase at 0.6 and 1.1 kPa, respectively. Monthly and seasonal 
�Y�D�U�L�D�W�L�R�Q�V�� �L�Q�� �P�D�[�L�P�X�P�� �V�D�S�� �Á�X�[�� �G�H�Q�V�L�W�L�H�V�� �P�H�D�V�X�U�H�G�� �D�W�� �E�U�H�D�V�W��
height in mature culms of the woody bamboos are shown in 
Figure 4a and b. The mean values of maximum Fd in the sampled 
woody bamboos significantly decreased from 62.86 to 
55.58 g m� 2 s� 1 from dry to rainy seasons (Figure 4b, P �  0.05).

Diurnal pattern of Fd, root pressure, culm diameter 
changes and leaf gs
The diurnal variation of Fd exhibited a typical single-peaked curve 
in a sunny day. The daytime Fd in the studied bamboo culms had 
a sharp increase at 10:30 h, reached a maximum value at 
13:00 h, and gradually decreased in the afternoon (Figure 5a). 
Root pressure started to increase at � 22:00 h, and after a short 
time of increase, it maintained the maximum value until gs rapidly 
rose at 10:00 h (Figure  5b). Generally, the culm diameter 
increased when positive root pressure occurred, and it declined 
rapidly after high Fd was reached, however, there was a nearly 
2 h time lag between them (Figure 5c). Leaf gs reached its daily 
maximum values (0.54 �  0.04 mol m� 2 s� 1) at noon, decreased 
�V�W�U�R�Q�J�O�\���G�X�U�L�Q�J���W�K�H���D�I�W�H�U�Q�R�R�Q�����D�Q�G���Q�R���V�L�J�Q�L�À�F�D�Q�W��gs was detected 
during the night (Figure 5d). Leaf water potential decreased 
sharply when Fd increased in the late morning, reached the daily 

4  Yang et al.
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�)�L�J�X�U�H ���� �6�D�S���Á�X�[���G�H�Q�V�L�W�\����Fd) in relation to PPFD in the morning (07:00–12:00 h) and afternoon (13:00–18:00 h) (a–d), and to air temperature (Ta) 
(e and f) and VPD (g and h) during the daytime (07:00–18:00 h) and night-time (18:00–06:00 h) in the dry and rainy seasons. Data were retrieved 
from three consecutive sunny days per month in each season.
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minimum values (� 3.1 MPa) at noon (14:00 h), and recovered 
to its maximum value at midnight (Figure 5h).

On sunny days during the dry and rainy seasons, distinct diurnal 
change rhythms of Fd and culm circumference were observed 
(Figure 6). In the dry season, the Fd measured near the apex of the 
culms (� 8 m above ground) started to increase at � 10:00 h, which 
was 1.5 h later than that in the rainy season (Figure 6a and c).

Diurnal patterns in bamboo Fd also differed between the lower 
and upper positions of the culms. Although the Fd monitored by 
the lower and upper sensors increased rapidly at the same time 
in the morning, the lower sensors reached peak values of Fd 
earlier than the upper sensors in both the dry and rainy seasons. 
Additionally, the maximum Fd was higher in the upper than in the 
lower position (Figure 6a and c).

Diurnal culm circumference variations at breast height were 
consistent with the changes in Fd in the dry and rainy seasons. 
The culm circumference continuously increased during the night 
�D�Q�G���H�D�U�O�\���W�K�H���Q�H�[�W���P�R�U�Q�L�Q�J�����W�K�H�Q���G�H�F�U�H�D�V�H�G���D�V���V�D�S���Á�R�Z���L�Q�F�U�H�D�V�H�G��
later in the morning, and increased again when Fd approached 
the minimum values in the evening (Figure 6b and d).

�1�R�F�W�X�U�Q�D�O���V�D�S���Á�R�Z���D�Q�G���L�W�V���F�R�Q�W�U�L�E�X�W�L�R�Q���W�R���W�K�H���Z�D�W�H�U��
balance

The culm cross-sectional sapwood area was linearly related to culm 
circumference (Figure 7, R2 �  0.94, P �  0.01). Culm cross-sectional 
sapwood area and Fd were used to estimate total transpiration per 
day at the individual clump (ramet) level. Both in the dry and rainy 
�V�H�D�V�R�Q�V�����P�H�D�Q���V�D�S���Á�R�Z����F�����G�X�U�L�Q�J���W�K�H���G�D�\�W�L�P�H���Z�D�V���V�L�J�Q�L�À�F�D�Q�W�O�\��
higher than F during the night-time (Figure 8a, P �  0.01). Nocturnal 
�V�D�S���Á�R�Z���Z�D�V���������������D�Q�G���������������R�I���W�K�H���W�R�W�D�O���G�D�L�O�\���V�D�S���Á�R�Z���L�Q���W�K�H���G�U�\��
and rainy seasons, respectively. (Figure 8b, P �  0.05).

Discussion

�7�K�L�V���V�W�X�G�\���U�H�Y�H�D�O�V���D���X�Q�L�T�X�H���Z�D�W�H�U���F�L�U�F�X�O�D�W�L�R�Q���S�D�W�W�H�U�Q���L�Q���Z�R�R�G�\��
bamboos, where transpirational water loss is replaced preferen-
�W�L�D�O�O�\���E�\���V�D�S���Á�R�Z���I�U�R�P���W�K�H���V�R�L�O���L�Q���W�K�H���P�R�U�Q�L�Q�J���Z�K�L�O�H���Z�D�W�H�U���V�W�R�U�H�G��
in the culms is mainly used in the afternoon. Moreover, we found 
�W�K�D�W���Q�L�J�K�W���W�L�P�H���V�D�S���Á�R�Z���G�U�L�Y�H�Q���E�\���U�R�R�W���S�U�H�V�V�X�U�H���F�R�X�O�G���F�R�Q�W�U�L�E�X�W�H��

6  Yang et al.

Figure 4.  Seasonal dynamics (a) and mean value (b) of the maximum Fd in the studied woody bamboo species (B. vulgaris). *P �  0.05.

�)�L�J�X�U�H ���� �5�H�O�D�W�L�R�Q�V�K�L�S�V���E�H�W�Z�H�H�Q���V�D�S���Á�X�[���G�H�Q�V�L�W�\���D�Q�G���9�3�'���G�X�U�L�Q�J���W�K�H��
daytime for different plant groups (bamboos, lianas, palms and trees). 
Bambusa vulgaris Schrader ex Wendland., Ventilago leiocarpa Benth., 
Streblus asper Lour. and Caryota urens Linn. were selected to represent 
bamboos, lianas, palms and trees, respectively. All data were obtained 
from four consecutive days (from 10 to 14 July 2012). The bamboos, 
lianas, palms, and trees were grown at the same study site. The best 
sigmoidal relationships (y �  a(1 �  e� bx)c) for daytime responses of Fd 
to  VPD are as follow: bamboos (n �  6), y �  46.91(1  �  e� 2.32x)2.48 
(R2 �  0.95); lianas (n �  3), y �  41.94(1  �  e� 4.06x)2.72 (R2 �  0.97); trees 
(n �  3), y �  33.11(1  �  e� 1.94x)3.57 (R2 �  0.94); and palms (n �  2), y �  
33.86(1  �  e� 1.33x)8.81(R2 �  0.92).
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to the recharge of the culm water storage in this woody bamboo 
species.

�,�W���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���V�D�S���Á�R�Z����F) may be underestimated 
by the TDP method when a portion of the probe is in contact 
with non-conducting xylem (Clearwater et al. 1999, Lu et al. 

2004, Bush et al. 2010, Steppe et al. 2010). However, for 
woody bamboo species, which have no secondary growth and 
scattered vascular bundles, we expect the likelihood of the 
probes contacting non-conducting vascular bundles to be small. 
Furthermore, in the present study, we focused on the diurnal 

Afternoon use of water storage in a bamboo species  7

Figure 5.  Diurnal variations in Fd (a), root pressure (b), culm diameter changes (c) and leaf gs (d) of B. vulgaris in a sunny day (15 February 2012). 
The relevant environmental conditions (PPFD, air temperature (Ta) and VPD) and leaf water potential are shown on the right side (e–h).
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water-use patterns of the woody bamboos rather than estimat-
ing absolute water consumption.

Relationships between bamboo Fd and atmospheric 
factors

The bamboo species has a distinct diurnal water-use strategy 
compared with representative palms and trees. The Fd of this 
woody bamboo species has similar sensitivity to VPD changes 
both in the dry and rainy seasons, being much more sensitive to 
VPD than the sampled representative palms (R.Y. Ma and S.J. 
Yang, unpublished data) and trees (Chen et al. 2015) growing 
in the same environment (Figure 3�������7�K�H���V�D�S���Á�R�Z���R�I���O�L�D�Q�D�V���D�O�V�R��
shows high sensitivity to VPD changes (Chen et al. 2015), but 
not as high as the woody bamboo species. This pattern sug-
gests a non-conservative water-use strategy in bamboos, which 
�D�S�S�D�U�H�Q�W�O�\���L�V���E�H�Q�H�À�F�L�D�O���W�R���P�D�[�L�P�L�]�H���J�D�V���H�[�F�K�D�Q�J�H���Z�K�H�Q���9�3�'��
and PPFD started to increase in the morning. In contrast, the 
trees and palms have a slower response of Fd to increased VPD, 
�E�X�W���R�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H�\���F�D�Q���P�D�L�Q�W�D�L�Q���W�K�H�L�U���P�D�[�L�P�X�P���V�D�S���Á�R�Z��
and photosynthetic gas exchange for a longer period of time 
during the day (Oren et al. 1999, Granier et al. 2000, Dierick 
and Hölscher 2009).

�7�K�L�V���X�Q�L�T�X�H���Z�D�W�H�U���X�V�H���V�W�U�D�W�H�J�\���L�Q���E�D�P�E�R�R���V�S�H�F�L�H�V���F�R�X�O�G���E�H��
related to their particular hydraulic architectures. They have 
�Y�H�U�\���K�L�J�K���Z�D�W�H�U���W�U�D�Q�V�S�R�U�W���H�I�À�F�L�H�Q�F�\���R�Z�L�Q�J���W�R���W�K�H�L�U���V�F�D�W�W�H�U�H�G��

vascular bundles and large and long xylem vessels (Liese 
1998 ). The vessel diameter of B. vulgaris is 229 �  5.6 µ m (S.J. 
Yang, unpublished data), among the highest in woody angio-
sperms (Olson and Rosell 2013), while the longest vessel 
�O�H�Q�J�W�K�� �P�H�D�V�X�U�H�G�� �E�\�� �W�K�H�� �¶�D�L�U�� �L�Q�À�O�W�U�D�W�L�R�Q�·�� �P�H�W�K�R�G�� ��Ewers and 
Fisher 1989) could be larger than 1 m. On the other hand, they 

8  Yang et al.

Figure 6.  Diurnal patterns of Fd (a and c) and culm circumference (c and d) of the six clumps in studied woody bamboo (B. vulgaris), on three con-
secutive clear days during the dry (from 15 to 17 February 2012) and rainy seasons (from 28 to 30 August 2012). The lower sensors were installed 
at breast height (1.3 m above the ground), and the upper sensors were installed near the top of the bamboo culm (� 8 m above the ground). In each 
panel, the vertical dashed lines indicate midday (12:00 h).

Figure  7.  Relationship between culm cross-sectional sapwood area 
and  culm circumference from 26 individuals (ramets) of the woody 
bamboo species (B. vulgaris). The regression line is: y �  2.73x �  32.77 
(R2 �  0.94).
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may be vulnerable to dehydration-induced declines in water 
�W�U�D�Q�V�S�R�U�W���H�I�À�F�L�H�Q�F�\�� ���S�D�U�W�L�F�X�O�D�U�O�\�� �L�Q���E�D�P�E�R�R���O�H�D�Y�H�V���� �H���J������Cao 
et al. 2012, Yang et al. 2012). Further, the bamboo leaves have 
strong water loss control mechanisms to avoid further water 
loss after reaching certain water potential thresholds, such as 
turgor loss and leaf folding at noon (S.J. Yang, unpublished 
data). Potential down-regulation in bamboo leaf hydraulic con-
ductivity during the day could be another mechanism prevent-
ing the bamboo xylem from reaching a very negative water 
potential (Cao et al. 2012, Yang et al. 2012). All of these char-
�D�F�W�H�U�L�V�W�L�F�V���D�S�S�D�U�H�Q�W�O�\���D�U�H���G�H�V�L�J�Q�H�G���W�R���I�D�F�L�O�L�W�D�W�H���D���T�X�L�F�N���U�H�V�S�R�Q�V�H��
of water transport to changes in light and VPD to maximize CO2 
assimilation in the morning and to prevent xylem dysfunction in 
the afternoon when the transpirational water demand is still 
relatively high.

Diurnal balance between water supply and demand 
in woody bamboos

The difference in the diurnal change of Fd between upper and 
lower culm positions and the diurnal variations in culm circum-
ference suggest that culm water storage is used for replacing 
transpirational water losses on a daily basis. However, the water 
�V�W�R�U�D�J�H���X�V�H���S�D�W�W�H�U�Q���L�Q���Z�R�R�G�\���E�D�P�E�R�R�V���L�V���T�X�L�W�H���G�L�I�I�H�U�H�Q�W���I�U�R�P��

palms and trees. In trees, there is usually a time lag in the lower 
trunk position as stem water storage is used for transpiration in 
the early morning (Schulze et al. 1985, Goldstein et al. 1998, 
Scholz et al. 2008, Carrasco et al. 2015). In woody bamboos, 
the Fd in the lower culm position started to increase at the same 
time as the upper position in the morning, suggesting that water 
�Á�R�Z���I�U�R�P���W�K�H���U�R�R�W�V���E�H�J�L�Q�V���D�W���W�K�H���V�D�P�H���W�L�P�H���D�V���W�U�D�Q�V�S�L�U�D�W�L�R�Q���L�Q��
�W�K�H���H�D�U�O�\���P�R�U�Q�L�Q�J�����1�R�W�D�E�O�\�����W�K�H���X�S�S�H�U���F�X�O�P���V�D�S���Á�R�Z���D�F�K�L�H�Y�H�G��
higher values and lasted longer than that of the lower culm, and 
�F�R�Q�W�L�Q�X�H�G���W�R���L�Q�F�U�H�D�V�H���Z�K�H�Q���W�K�H���V�D�S���Á�R�Z���L�Q���W�K�H���O�R�Z�H�U���S�R�V�L�W�L�R�Q��
started to decrease at midday. These patterns of diurnal change 
�L�Q���E�D�P�E�R�R���V�D�S���Á�R�Z���D�Q�G���F�X�O�P���F�L�U�F�X�P�I�H�U�H�Q�F�H���V�X�J�J�H�V�W���W�K�D�W���Z�D�W�H�U��
storage was probably not used for transpiration in the morning; 
�L�Q�V�W�H�D�G�����L�W���Z�D�V���X�V�H�G���L�Q���W�K�H���D�I�W�H�U�Q�R�R�Q�����7�K�L�V���X�Q�L�T�X�H���Z�D�W�H�U���V�W�R�U�D�J�H��
use pattern in woody bamboos could be due to large xylem ves-
sel diameter, abundant parenchyma cells in culms and high culm 
�K�\�G�U�D�X�O�L�F���F�R�Q�G�X�F�W�L�Y�L�W�\���W�K�D�W���D�O�O�R�Z�V���W�K�H���Z�D�W�H�U���Á�R�Z���I�U�R�P���W�K�H���V�R�L�O���W�R��
�W�K�H���F�U�R�Z�Q���W�R���L�Q�L�W�L�D�W�H���T�X�L�F�N�O�\���L�Q���W�K�H���P�R�U�Q�L�Q�J�����0�R�U�H�R�Y�H�U�����V�W�R�U�H�G��
water in culms was only used for transpiration when the transpi-
rational demand exceeded the water supply from the soil–root–
�F�U�R�Z�Q���Z�D�W�H�U���Á�R�Z��

Although the general pattern of bamboo Fd and culm circum-
ference in the dry season were similar to those in the rainy sea-
son (Figure 6), the Fd in the dry season started to increase later 
than in the rainy season, probably because of the heavy fog, 
which lasts until later in the morning during the dry season 
(Zhang et al. 2014). Low irradiance as well as fog interception 
on the bamboo leaf surface could inhibit transpiration.

�6�D�S�� �Á�R�Z�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �R�F�F�X�U�� �P�D�L�Q�O�\�� �G�X�U�L�Q�J�� �W�K�H�� �G�D�\�� �L�Q�� �W�K�H��
sampled bamboo species. However, it also occurred at night, 
consistent with the occurrence of positive root pressures. Noc-
turnal root pressure has been suggested to be a mechanism 
�X�V�H�G�� �W�R�� �U�H�F�R�Y�H�U�� �W�K�H�� �G�R�Z�Q���U�H�J�X�O�D�W�L�R�Q�� �R�I �� �Z�D�W�H�U�� �W�U�D�Q�V�S�R�U�W�� �H�I�À-
ciency (Cochard et  al. 1994, Cobb et  al. 2007, Saha et  al. 
2009 , Cao et al. 2012, Yang et al. 2012������ �E�X�W���W�K�H�� �V�D�S�� �Á�R�Z��
�G�U�L�Y�H�Q���E�\���W�K�H���U�R�R�W���S�U�H�V�V�X�U�H���F�R�X�O�G���D�O�V�R���E�H���D�Q���H�I�I�H�F�W�L�Y�H���Z�D�\���W�R���U�H�À�O�O��
the water storage, which is depleted during the day. The contri-
�E�X�W�L�R�Q���R�I���Q�R�F�W�X�U�Q�D�O���V�D�S���Á�R�Z���W�R���W�K�H���W�R�W�D�O���G�L�X�U�Q�D�O���W�U�D�Q�V�S�L�U�D�W�L�R�Q���L�V��
higher in the dry season (Figure 8b), which is probably because 
of higher transpiration demands and daytime water consump-
tion during the dry season.

Conclusion

In summary, the water use of B. vulgaris is sensitive to changes 
in environmental conditions (especially PPFD and VPD), and 
much more sensitive than the representative palms and trees 
growing under the same environmental conditions. This pattern 
suggests a non-conservative water-use strategy in woody bam-
boos, which maximizes CO2 assimilation when PPFD and VPD 
�L�Q�F�U�H�D�V�H���L�Q���W�K�H���P�R�U�Q�L�Q�J�����7�K�L�V���E�D�P�E�R�R���V�S�H�F�L�H�V���H�P�S�O�R�\�V���D���X�Q�L�T�X�H��
water storage use pattern, in that it uses culm water storage for 
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�7�U�H�H���3�K�\�V�L�R�O�R�J�\���9�R�O�X�P�H������������������

transpiration mainly in the afternoon instead of in the early 
�P�R�U�Q�L�Q�J���O�L�N�H���W�U�H�H�V�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���Q�R�F�W�X�U�Q�D�O���V�D�S���Á�R�Z���G�U�L�Y�H�Q���E�\��
root pressure could be an effective mechanism to recharge the 
culm water storage.
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