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Abstract. A three year experiment was carried out on sandy soil with a vegetatively propagated single
clone of Phyllostachys iridescens in Godollé, Hungary to investigate the effect of water availability on
the number of developing and aborted shoots and the number, diameter and height of culms in a newly
planted grove. Part of the experimental plot was provided with drip irrigation and irrigated 3 times a week
during the vegetation period from April until the end of October in all years. The first experimental year
(2010) was a moist year, while during the second (2011) and third year (2012) there was drought during
spring and summer. The number of shoots that developed into culms did not significantly increase over
the years in unirrigated control plants, while in irrigated plants there was a three to four fold increase in
culm recruitment compared to initial values. There was no significant difference between treatments in
culm diameter and culm height during the first two experimental years. However, there was a five fold
significant difference in these parameters in the last year. We found a strong (R?=0.90, P=0.001)
correlation between culm diameter and culm height. Our results prove that water supply during the
growing season is of vital importance to developing temperate bamboos.
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Introduction

There is a rising global interest in the use of bamboos as they are regarded as
renewable resources with strong regeneration potential (Potters et al., 2013).
Phyllostachys species are important in the agriculture of East-Asian countries (Ma et
al., 2014). In Europe they are important mainly in ornamental horticulture, but their
agricultural potential other than as ornamentals has not been fully investigated and
exploited in Europe (Gielis et al., 2012). Phyllostachys species are among the fastest
growing plants (Ueda, 1960; Ueda et al., 2009) with high canopy transpiration
(Komatsu et al., 2012) regardless of culm age (Tsuruta et al., 2016), which is
comparable to coniferous forests (Komatsu et al., 2010; Ichihashi et al., 2015). Thus
water status during the growing season is of vital importance to temperate bamboos
(Kleinhenz and Midmore, 2001). Besides the works of Gratani et al. (2008) and Van
Goethem et al. (2013a, 2013b, 2014) little work has been done on the ecophysiology
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of bamboos under the warm temperate climatic conditions of Europe. Also there are
few research results related to the effect of water supply, specifically of drought on
the physiology and performance of bamboos (Liu et al., 2014, 2015). Therefore the
aim of the present study was to investigate the relationship between water supply
and shoot and culm properties in the temperate bamboo Phyllostachys iridescens.

Review of literature

Phyllostachys is a temperate bamboo genus belonging to Poaceae, (subfamily
Bambusoideae, tribe Bambuseae, subtribe Shibataeinae) and its species are mainly
native in warm temperate regions of SE China (Yi et al., 2008; Ma et al., 2014) and
since centuries they have additionally been grown in neighbouring countries
including Korea and Japan (Zhengping and Stapleton, 2006), where they have
become naturalised (Torii and Isagi, 1997; Kobayashi et al., 2015). Similarly to
other monocarpic, monopodial genera of Bambuseae (Abe and Shibata, 2012, 2014;
Matsuo et al., 2014) Phyllostachys are monocarpic, and reproduce mainly
vegetatively (Isagi et al., 2016) from nodal shoots developing from the underground
rhizome system (Ito et al., 2015) which comprises 39-57 % of the total biomass
(Umemura and Takenaka, 2014). Phyllostachys edulis (syn. P. pubescens) is the
most important species covering 30% of bamboo forests covering a total area of over
7,2 million hectares in China (Zhou et al., 2011; Kleinhenz and Midmore, 2001).
Phyllostachys species are greatly versatile in their agricultural use, primarily used in
forestry, the culms processed for wood industry purposes in Asia (Ma et al., 2014).
The young developing culm shoots are harvested for both fresh market and for use
as processed vegetables in food industry (Chongtham et al., 2011). Other bamboo
applications include use in the form of bamboo charcoal as absorbent to treat
drinking water (Mizuta et al., 2004), as a high yielding biofuel (Scurlock et al.,
2000; Darabant et al., 2014), the leaves as forestry by-products used as food
additives (Zhang et al., 2007) and traditionally prepared tea (Kim et al., 2012). In
Asia some Phyllostachys taxa have long been used in phytotherapy (Chen and Chen,
2004) due to their phytochemical content (Hu et al., 2012; Tanaka et al., 2014) and
antioxidant properties (Nagai et al.,, 2009; Neményi et al.,, 2014, 2015).
Phyllostachys taxa are also important as ornamentals (Miwa and Hasegawa, 2007; Ma
et al., 2014) including P. iridescens (Zhu et al., 1994). P. iridescens which is native in
Zhejiang, Jiangsu, Anhui and widely introduced into many provinces is also used as
vegetable and the culms for various farm implements and construction (Zhu et al.,
1994). The natural distribution of bamboos is greatly affected by the amount and
yearly distribution of precipitation (Biswas 1988; Qiu et al., 1992; Saha et al., 2009).
Sufficient and evenly distributed precipitation during the spring-summer-autumn
growing season is extremely important for bamboos (Kleinhenz and Midmore,
2001). Limited water availability leads to drought stress that greatly affects the
growth and yield of crops in many places of the world (Lipiec et al., 2013; Bodner et
al., 2015). The work of Kleinhenz et al. (2003) on the effects of irrigation and
fertilization on Phyllostachys edulis growth and yield remains a standard reference.
They reported that the growth and yield of shoots was substantially affected by soil
water availability. They found that different irrigation rates exhibited tremendous
differences in shoot yield, indicating that a steady water supply during the period of
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shoot development greatly benefits bamboo production. Their study revealed that
investigating treatment effects on individual ramets is problematic, because the level
of interconnectedness of the rhizome systems is unknown (Li et al., 2000), which
makes the delineation of experimental plots problematic. Drought stress affected the
photosynthetic carbon and nitrogen metabolism of dwarf bamboo Fargesia rufa
which differently regulated its carbon and nitrogen metabolism to improve its
capacity of osmotic adjustment and employed its metabolites to protect against
membrane lipid peroxidation (Liu et al., 2015). Under the maritime warm temperate
climatic conditions of Western Europe the work of Van Goethem et al. (2013a,
2013b, 2014) in Ireland and in South Europe that of Gratani et al. (2008) in Italy
remains the basic bamboo physiology related research to date. To date there is no
available research on the ecophysiology or performance of temperate bamboos under
the continental warm temperate climate of Central Europe.

Materials and methods
Plant material and measurement of culm shoot longitudinal growth

The experiment was carried out in 2010, 2011 and 2012 on an experimental plot
supervised by the Institute of Horticulture, Szent Istvan University, G6dolld
(47°35'N, 19°21'E), Hungary, characterised by a continental temperate climate. The
annual mean temperature is 9.4 C, the average annual precipitation is 590 mm. The
experimental site is in a low hilly area, on a gentle south-western slope. Bamboo
planting material (balled and burlapped), propagated by division (from 50 cm
rhizome with 2 culms attached) from a single clone of Phyllostachys iridescens,
were planted in September of 2009. Planting material was grouped in two sizes
below 2 m height (1.5 m average) and above 2 m height (2.5 m average) the later
marked as (XL). The two size plants were planted randomly in 3 rows at a spacing
of 4 m between rows and plants, 20 and 10 plants per size (1.5 m and 2.5 m (XL)
height respectively) treatment each. The experimental plot was on brown forest soil,
composed of sand, sandy loam in texture consisted of 69% sand, 22% silt, and 9%
clay, 1.57 g cm™ bulk density, 19% field capacity, neutral in pH, free from salinity
(0.16 dS m™) and low in organic carbon. Agroblen 2:1:1 N:P:K plus microelements
inorganic 6 months slow release fertilizer was spread around the plants and worked
in, during the end of March in each year. The plot was manually weeded and there
was no need for plant protection. All plants were monitored for dates of shooting
and culm shoot vertical growths were recorded every two-three days (Monday,
Wednesday and Friday) during the shoot growing season in spring. Longitudinal
growth measurements were carried out on individually tagged developing culm
shoots using measuring rods in cm. The longitudinal growth measurements were
carried out on individual culm shoots until their first true tip leaf developed. Also
longitudinally non developing shoots were monitored until they were aborted and
dried out. Culm diameter was measured in the middle of the first aboveground
internode using a digital calliper.

Measurement of environmental parameters and irrigation

Air temperature (°C) and precipitation (mm) were recorded during the course of
the experiment (Fig. 1 and Fig. 2). Air temperature was measured every hour by
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Campbell CR21X meteorological instrument with sensors (Campbell Scientific Inc.
Loughborough, UK). From the randomly planted 20 and 10 plants per size (1.5 m
and 2.5 m (XL) height respectively) treatment all XL plants were irrigated, while 10
plants of the smaller 1.5 m height planting material were irrigated, the remainder 10
were unirrigated control. Plants were irrigated between April 1 and November 1.
Potential evapotranspiration (ETo) was calculated from that used for other vegetable
crops (Helyes and Varga, 1994; Helyes et al., 2015). Plants were irrigated to daily
potential evapotranspiration. The amount of irrigation was estimated from expected
daily average temperature divided by five expressed in millimetres (Eq.1).
Calculation method of the amount of irrigation was based on weather forecasting
data, corrected by the amount of precipitation. Temperature forecast of Hungarian
Meteorological Service (http://www.met.hu/idojaras/elorejelzes) for every next two,
two and three day intervals per week were used to calculate the daily potential
evapotranspiration (ETo).

Iy :(@)/5 (Eq.1)

If precipitation covered the irrigation demand until the next irrigation date there
was no irrigation, but if it was less than irrigation demand, the amount of ET, was
supplied. Plants were irrigated by calculated amount of water on every Monday,
Wednesday and Friday morning. Irrigation water was applied by drip irrigation. The
spacing between the emitters was 0.3 m, with discharge rates of 4 Lh™".

Statistical analysis

Results were expressed as the average plus/minus standard deviations. The data were
analysed by two-factor analysis of variance (ANOVA) with repetitions and the means
separated using the LSD test at p=0.05 and for the regression analysis with Microsoft ®
Excel 2007 Analysis Toolpack (Microsoft Corporation., Redmond, Washington).

Results

The change of minimum and maximum air temperature during the course of the
vegetation period did not show much deviation between 2010-2012 and there were no
air temperature extremes (0>T°C<40) during above ground culm development (from
end of April) during the three years (Fig. 1).

The course of precipitation was different when comparing the three years, 2010
being one of the rainiest years in 70 years while both 2011 and 2012 produced well
below the average rainfall which affected the unirrigated plants. Drought was most
pronounced between the beginning of April and end of May, spring being the main
culm shooting season in both years and again from the end of July until the end of
October especially in 2011 (Fig. 2).

Regarding the annual change of developed culm shoot numbers, significant
differences were observed between the unirrigated control and irrigated treatments in
2011 and 2012, while there was no significant difference in the extremely wet year of
2010 in the number of newly recruited shoots per year (Fig. 3).
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Figure 3. Change of shoot number in irrigated and unirrigated (control) plants of normal and
extra size (XL) during the examined years of 2010-2012.

In the unirrigated control treatment there was no significant difference
between years in the number of shoots that developed into culms. A four times
higher shoot number (74% and 77% rise in irrigated and irrigated XL treatments
respectively) was observed in 2011 compared to the unirrigated control. In 2012
the difference was almost three fold (62% and 65% rise in irrigated and irrigated
XL treatments respectively) compared to the unirrigated control. The above
tendency was true for the number of aborted shoots that did not develop into
culms. The difference was three to five fold (74% and 83% rise in irrigated and
irrigated XL treatments respectively) in 2011 while in 2012 a 94% and 96% rise
was evident in irrigated and irrigated XL treatments respectively compared to the
control. But there was no significant difference between the two irrigated size
treatments (XL) in the number of aborted shoots in either of the examined years.
We can summon from the above that around one quarter to one third of all the
new shoots aborted regardless of water availability during all three years.
Regarding the size at which shoots aborted in the irrigated treatments, it can be
seen from Fig. 4 that the average size of aborted shoots increased (by 34%) over
the years, but this difference was not significant.

It is clear from the three years data that aborted shoots that do not develop into
culms are of 14-21 cm average size.

There was no significant difference in height of new culms produced in 2010
regardless of planting size (XL) or irrigation treatment as can be seen on Fig. 5.
Compared to culm height values of 2010 culm height started to rise in 2011
regardless of water availability or plant size (XL).
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Figure 4. Annual change in the average size of aborted shoots.
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Figure 5. Annual change in average culm height in unirrigated and irrigated plants.

The 12 to 24% rise in culm height in 2011 compared to 2010 was not significant.
In 2012 the irrigated treatments gave significantly different results compared to the
unirrigated control. Compared to 2011 there was a 29 % to 43% rise in culm height
in 2012 in both irrigated size treatments (XL) respectively. The difference between
the two irrigation size treatments (XL) was not significant. While in the unirrigated
control a 71% decrease was observed, which difference was also significant
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compared to the 2011 value. Culm diameter changed similarly to culm height over
the examined years (Fig. 6).
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Figure 6. Annual change of average culm diameter in unirrigated and irrigated plants.

When comparing culm diameter values of 2010, there is no significant
difference between irrigated and unirrigated plants or initial planting size treatment
(XL). Culm diameter started to rise in new culms produced in 2011 except in the
larger planting stock (XL) plants and this rise was regardless of water availability.
In 2011 up to 32% rise in culm diameter was observed compared in to 2010 but
none of the differences were significant. Compared to the unirrigated control and
the values of 2011, irrigated treatments gave significantly different results in 2012.
There was a 36 to 49% rise in culm diameter in 2012 in both irrigated size
treatment (XL) respectively. The difference between the two irrigation size
treatments (XL) was not significant just like in the case of culm height.
Theunirrigated control produced declining values and a 67% decrease was
observed, which difference was also significant compared to the 2011 value. Again
there was no significant difference between the two irrigated size treatments (XL).

Since there was such a similarity in tendency of change between the parameters
of culm height and culm diameter (Fig. 5 and Fig. 6), we investigated the
relationship between the two factors (Fig. 7).

To investigate the relationship between culm diameter and culm height a
regression analysis was carried out (Fig. 7). The equation describing the relation is
y= -11.606x°+199.15x+11.642 (r*=0.909). From this we can conclude that there is a
strong positive relation between culm diamater and culm height in P. iridescens.
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Figure 7. Relationship between culm height and culm diameter (2010-2012)
Discussion

As stated by Liu et al. (2014 and 2015) there is little research related to water supply,
and effect of drought in bamboos. In a three year experiment with other
monocotyledonous plants (Miscanthus giganteus, F1 hybrid of Saccharum hybrid x
Miscanthus spp. and Arundo donax) Burner et al. (2015) report a significant increase in
dry matter yield in irrigated plants compared to rainfed plants.

Our findings regarding decreasing shoot numbers in controlunirrigated plants are
underlined by Kleinhenz et al. (2003) who have reported that without irrigation during
the shooting period (76-237 mm precipitation/year/two months) of P. edulis, growth
was only better in an area where underground water from an adjacent pond was
available. The considerably lower (77 and 82 % respectively) number of shoots in 2010
compared to 2011 and 2012 is a result of plant establishment, since the bamboos were
planted out in 2009 and the smaller unextended and underdeveloped rhizome and the
remaining culm and canopy system was not able to support a larger number of shoots as
reported in the trials by Gielis (2012) with other bamboo species. Our results from 2010
which show that there was no significant difference between irrigated andunirrigated
plants is due to the fact that 2010 was the rainiest year in the past 70 years, thus
providing sufficient precipitation for the controlunirrigated plants. Both 2011 and 2012
were years characterised by low precipitation and longer periods with no or little rain
which is clearly reflected in the significant differences in new shoot numbers between
irrigated andunirrigated plants.

In our experiment we also observed that only around one quarter to one third of new
shoots aborted while Li et al. (2000) have reported that 75-80% of shoots in P. edulis
have aborted every year, without much yearly variation. While Ura et al. (2011) have
shown that there is yearly variation in the percentage of aborted shoots depending on
bumper (higher) or poor culm yield (lower) year. The difference in results compared to
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Li et al. (2000) is in part probably due to inter-specific differences in vegetative
characteristics of the observed two species, since P. iridescens is of medium culm
diameter (4-7cm) and culm height (6-12m), while P. edulis is a large culm diameter (up
to 20 cm) and culm height ( up to 20m and more) species (Zhengping and Stapleton,
2006; Yi et al., 2008; Ma et al., 2014). The difference might also be attributed to
different methodology since in the reports of Li et al. (1998) the non-developing shoots,
stagnating in height were harvested as vegetables, while in our experiment new shoots
were classified as aborted only after they have completely withered and dried out.

A ten fold increase in the number of culms 54 + § (fully developing shoots in our
case) has been reported by Piouceau et al. (2014) in a one year experiment in optimal
irrigated plants of P. aurea grown under tropical climatic conditions, which is partly
comparable to our findings with P. iridescens if we add up the total number of new
shoots developing into culms (Figure 3.) for the three experimental years being 36-38 +
4,4. The differences compared to our results are possibly due to inter-specific
morphological differences (Zhengping and Stapleton, 2006; Yi et al., 2008; Ma et al.,
2014) and the fact that our experiment was conducted under temperate climatic
conditions. Also our initial planting material consisted of less developed propagating
material with 2 culms each, while the planting material of P. aurea used by Piouceau et
al. (2014) was more developed with 5,7 + 2,3 culms per plant. Also results comparable
to our findings were reported by Liu et al. (2014) where plants of dwarf bamboo
Fargesia denudata subjected to moderate or severe drought stress exhibited a 42-51 %
decrease in number of new shoots compared to irrigated treatment.

Our results which indicate that some of the culm shoots abort at an early stage in
their development with a relatively small size (14-21cm +/- 6,4 cm) during all three
years is in agreement with the results of Li et al. (1998) in Phyllostachys edulis, who
have stated that in some shoots growth stagnates at an early stage, when the shoots are
up to a few cm or dm tall and show symptoms of dying.

The lack of significant differences in culm heights and diameters irrespective of
water supply in the first two experimental years (2010-2011) can be explained by the
fact that internode number (thus culm height) is determined at a very early stage of
shoot bud development (Ueda, 1960). So culm height was thus predetermined for new
culms of 2010 in the fall of 2009 when all plants were irrigated to enhance rooting and
establishment and during fall of 2010 characterised by record high precipitation for new
culms of 2011. But because the vegetation period including fall of 2011 was
characterised by drought, this had a drastic effect on culm height of new shoots of 2012.

The lower height of new culms of irrigated plants in 2010 and 2011 (41 to 67% and
29 to 43% respectively) compared to 2012 is again just as regards to shoot number
possibly a result of plant development from a smaller rhizome system, culms and
canopy which were not able to support the development of higher culms in the first two
years as reported by Gielis (2012) with other bamboo species. In an experiment
Piouceau et al. (2014) report only a 15% increase in culm height in irrigated plants of P.
aurea grown under tropical climatic conditions. The differences compared to our results
are possibly due to the fact that P. aurea is only a smaller (5-12 m) culm height species
(Zhengping and Stapleton, 2006; Yi et al., 2008; Ma et al., 2014) and to the fact that the
experiment of Piouceau et al. (2014) was only a one year trial. Also comparable results
are presented by Liu et al. (2014) where a 26-36 % decrease in plant height compared to
irrigated plants of dwarf bamboo Fargesia denudata subjected to moderate or severe
drought stress was observed.
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The smaller culm diameter in irrigated plants of 2010 and 2011 (66 % and 36 to 49
% respectively) compared to 2012 is also a sign of plant establishment as reported for
other bamboo species by Gielis (2012). As in the case of culm height the report of
Piouceau et al. (2014) give only a 26% increase in culm diameter after one year in
optimal irrigated plants of P. aurea grown under the tropical climate of Reunion Island.
The difference compared to our results again as in the case of culm height could
possibly arise due to climatic and inter-specific morphological differences, since P.
aurea is only characterised by a smaller (2-5 cm) culm diameter (Zhengping and
Stapleton 2006; Yi et al., 2008; Ma et al., 2014) and also the difference in the time
duration of the experiments.

The strong correlation that we found between culm diameter and culm height in P.
iridescens, has also been reported in other Phyllostachys species, in the case of P.
bambusoides (Ueda, 1960; Inoue et al., 2013), P. nigra var. henonis (Inoue et al., 2013)
and for P. edulis (Ueda, 1960; Suga et al., 2011; Inoue et al., 2013; Gao et al., 2016).

Our results clearly show that there was no significant difference between the two size
planting material, during the three years, therefore the use of larger planting material
was not justifiable, since it did not produce significantly more or higher and larger
diameter culms under irrigated conditions. Our findings also show that Phyllostachys
iridescens is sensitive to drought stress during the growing season and should not be
planted in plots with soils of low water holding capacity or where the subsoil watertable
is too deep to influence plant water uptake, under temperate climatic conditions
subjected to drought during the vegetation season.
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