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Abstract

This study was performed to evaluate the waterlogging tolerance of Cornell-Geneva (G11, G202, G214, G935, CG4814, and
CG5087), M26, and M9 apple rootstocks. After grafting ‘Fuji’ scions on each type of rootstock, grafted trees were planted
in 17-L pots and grown in a greenhouse under well-irrigated conditions. Sixteen weeks after planting, grown trees were
divided into two groups: one group was drip-irrigated daily with 2 L of water (control treatment, CT), and the other group
was waterlogged by repeating flooding and drainage at 1- to 3-day intervals for 4 weeks (waterlogging treatment, WT). After
the cessation of flooding, trees were irrigated as in CT for 18 days. Trees grafted on G202, G214, and M9 had markedly
lower leaf water potential than CT trees on the 27th day of flooding; predawn leaf water potential was — 1.26 to — 1.45 MPa
in WT trees and —0.30 to —0.32 MPa in CT trees, and midday leaf water potential was —2.85 to —3.03 MPa in WT trees
and —1.83 to —1.87 MPa in CT trees. This difference persisted until the 18th day after the cessation of flooding. The net
photosynthetic rate and stomatal conductance of trees grafted on these rootstocks were also extremely low in WT trees, and
they did not recover to the corresponding levels in CT trees until the 18th day after the cessation of flooding. Among WT
trees, the height, trunk cross-sectional area, and dry weight of G202, G214, and M9 trees were markedly lower than those
of trees grafted on other rootstocks, whereas CG4814 trees showed the least reduction in these parameters. The defoliation
percentages of G202, G214, and M9 trees were 22%, 23%, and 35%, respectively, in WT trees, whereas trees grafted on
other rootstocks had 4 to 9% defoliation. Thus, G202 and G214 trees showed similar sensitivity levels as M9 trees, whereas
CG4814 trees were more resistant to flooding than M26 trees, and G11, G935, and CG5087 trees showed a waterlogging
tolerance comparable to M26 trees.
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Abbreviations 1 Introduction

CT  Control treatment

G, Stomatal conductance During the growing season, plants are repeatedly exposed to
P, Net photosynthetic rate transient or long-term soil waterlogging caused by precipi-
WT  Waterlogging treatment tation or poor soil drainage. Soil waterlogging has a major
W..s Leaf water potential impact on plant growth, development, and survival, and is a
V.4 Midday leaf water potential major obstacle limiting sustainable agriculture (Parent et al.
‘I’pd Predawn leaf water potential 2008). Apple trees (Malus domestica Borkh.) are somewhat

resistant to transient flooding. However, because the poten-
tial yield is determined by the waterlogging tolerance of the
rootstocks (Marchioretto et al. 2018), tolerance to abiotic
stresses, such as waterlogging, should be considered when
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flower bud formation, flower development, and fruit quality,
and allowing for highly efficient pest control (Webster and
Wertheim 2003). Trees grafted on M9 and M26 rootstocks
can easily form early canopies because the given space per
tree is small in high-density planting systems, and this requires
reduced labor intensity (Robinson 2003). However, M9 trees
are vulnerable to replant disease, wooly aphid, and cold stress,
and have low waterlogging tolerance (Lee et al. 1982; Webster
et al. 2000; Kviklys et al. 2016), and if soil moisture is not
properly maintained in the rhizosphere, tree vigor is weakened
(Lakso 2003). M26 is also precocious but has the disadvan-
tage of weak growth under poor drainage conditions (Kim and
Yoon 1998).

In order to retain similar levels of tree vigor and precoc-
ity but compensate for the weaknesses of M9 and M26 root-
stocks, new dwarfing apple rootstock breeding programs are
being carried out in several countries, such as the USA (G,
CG, and MAC series), Canada (V series), Britain (MI series),
Germany (Supp. series), Russia (B series), Poland (P series),
and Japan (JM series) (Kim and Yoon 1998; Robinson 2011).
In the Cornell AgriTech rootstock breeding program, several
rootstocks that are highly productive and resistant to fire blight,
root rot, replant disease, and cold stress have been developed
since the late 1960s (Robinson et al. 2006; Auvil et al. 2011;
Fazio et al. 2011). From the advanced selections, some of the
G series rootstocks with high precocity and high resistance to
replant disease, fire blight, and cold stress (Russo et al. 2007;
Cline et al. 2010) have been commercially released, including
G11, G202, and G935 in the USA, G11 in Canada, and G214
in New Zealand (Robinson et al. 2006).

In Korea, there are scattered orchards with heavy soil
that do not drain well. Orchards established in bottomlands
along rivers are often vulnerable to drainage because of
the high groundwater level. Moreover, annual precipitation
reaches 1100-1300 mm and occurs mostly during the apple
growing season, which is from June to September (Korea
Meteorological Administration, https://kma.go.kr/eng/index
.jsp). Therefore, orchards with the abovementioned condi-
tions may show compromised growth of M9 and M26 trees,
which have low waterlogging tolerance.

This study aimed to select rootstock series with high
waterlogging tolerance in terms of plant growth and physi-
ology, using recently bred rootstocks of G and CG series and
compared them with rootstocks of M9 and M26, which are
the most widely used in Korea.

2 Materials and methods
2.1 Plant materials

This study was carried out in 2017 at a greenhouse of the
College of Agriculture and Life Sciences, Kyungpook
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National University, Gunwi, Korea, using six types of the G
and CG rootstock series, which were acquired from Cornell
University, and M26 and M9 rootstocks, which are already
widely used in Korea. The ‘Fuji’ variety was grafted as a
scion onto 1-year-old G11, G202, G214, G935, CG4814,
CG5087, M26, and M9 rootstocks. On March 5th, the
grafted trees were planted in 17-L pots (one tree per pot)
filled with a 5:3:2 (v/v) soil mixture of sand:horticultural
growing media:compost. A valve with an on-and-off func-
tion was installed at the bottom of the pot to allow drainage.
Before planting, roots were trimmed to minimize the differ-
ences between the dry matter of the rootstocks. Two months
after planting, the entire surface of the pots was covered with
a black, nonwoven fabric to retain soil moisture and prevent
excessive temperature increases in the rhizosphere.

2.2 Irrigation Regimes

The experiment was divided into two blocks (CT vs. WT),
and each block was divided into five plots. Within each of
them, a single tree of the same rootstock was randomly
placed. Water (1.0-1.5 L) was supplied to all grafted trees
once or twice daily, depending on the growing season and
meteorological conditions, via drip irrigation. Foliar ferti-
lization was applied as 0.3% urea in early May, and 20 g of
compound fertilizer (N:P:K=21:17:17) per pot was applied
in mid-May. The water management regime was changed
after June 23rd, on the 110th day after planting. Gradual
flooding for the waterlogging treatment (WT) was induced
by completely flooding the root zone for 2 days, followed by
3 days of drainage during the first 10 days after the change in
water management. For the following 10 days, the root zone
was flooded for 3 days and drained for 2 days. Subsequently,
flooding and drainage were applied on alternate days for a
week. The control treatment (CT) was subjected to sufficient
irrigation (2.0 L per day) during the WT period. WT was
stopped on July 21st, the 27th day after the onset of flooding,
and from July 22nd, trees under this treatment were irrigated
in the same manner as those under CT. The normal irrigation
period lasted 18 days until August 8th.

2.3 Plant growth measurement

The leaf water potential (‘V).,¢) was measured using a pres-
sure chamber (Model 3005, Soil Moisture Equipment Corp.,
Goleta, CA, USA) three times: before WT, on the 27th day
after the onset of flooding, and on the 18th day after the ces-
sation of flooding. The predawn leaf water potential (¥4)
was measured in one leaf per replication between 04:00
and 06:00 h, and the midday leaf water potential (¥ 4) was
measured in the same way as ¥4 between 12:00 and 14:00 h
on the same day. The leaves used for ¥, measurement were
reflected in the leaf area and leaf dry weight data.
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The net photosynthetic rate (P,) and stomatal conduct-
ance (G,) were measured between 11:00 and 15:00 h using
a portable gas exchange system (LCI Portable Photosyn-
thesis System, ADC BioScientific Ltd., Hoddesdon, UK)
on one to two mature leaves per replication at the following
time points: before WT, on the 27th day after the onset of
flooding, and on the 18th day after the cessation of flood-
ing. Photosynthetically active radiation values were fixed at
1500 pmol m~2 s~! with a halogen lamp for photosynthesis
measurements.

Tree height was recorded at weekly intervals from the
start to the end of the treatments. The scion diameter was
measured using a digital Vernier caliper (CD-20CPX, Mitu-
toyo, Kawasaki, Japan) in the lattice direction, at 5 cm above
the graft union, after which the trunk cross-sectional area
(TCA) was obtained.

The proportion of fallen leaves (i.e., defoliation) during
the WT period, expressed as a percentage of the total num-
ber of leaves, was obtained via daily surveys. On August 9th,
at the end of the 18-day recovery period, the leaf area was
determined using a portable leaf area meter with conveyor
belt assembly (LI-3000, Li-Cor, Inc., Lincoln, NE, USA) by
measuring all the leaves attached to the tree before separat-
ing various parts of the plants. Then, the trees used for the
experiments (both WT and CT) were separated into shoot,
leaf, fine-root (<2 mm diameter), and coarse-root (>2 mm
diameter) categories. Samples were then dried at 72 °C for
72 h to obtain the dry weight of each sample. Data were
analyzed by one- or two-way analysis of variance (ANOVA)
using SAS statistical analysis software (SAS 9.4, SAS Insti-
tute, Inc., Cary, NC, USA). Significant differences among
the means were evaluated using Duncan’s multiple range
test at P <0.05.

3 Results
3.1 Leaf water potential

The ¥4 of ‘Fuji’ trees measured before flooding was —0.28
to —0.35 MPa, regardless of the rootstock type, in both CT
and WT trees, and the ¥ 4 ranged from —1.55 to — 1.89 MPa
(Fig. 1), also regardless of the rootstock type. In CT trees,
the ¥4 on the 27th day after the onset of flooding ranged
from —0.30 to —0.37 MPa for all grafted trees. Under WT,
the ¥ of CG4814, G11, G935, CG5087, and M26 trees
varied from —0.34 to —0.48 MPa, but was —1.26, —1.45,
and — 1.28 MPa for G202, G214, and M9 trees, respectively;
these values were markedly lower than those of trees grafted
on other rootstocks. The ¥4 of CT trees varied from —1.65
to —1.92 MPa, irrespective of rootstocks. Under WT, ¥, 4
varied from —2.10 to —2.61 MPa in G11, G935, CG4814,
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Fig. 1 Changes in the predawn (a) and midday (b) leaf water poten-
tial of ‘Fuji’ nursery trees grafted on various rootstocks in CT (con-
trol treatment) and WT (waterlogging treatment); before flooding
(measured on June 23rd), on the 27th day after the onset of flooding
(measured on July 21st), and on the 18th day after the cessation of
flooding (measured on August 8th). Vertical bars represent standard
errors of the means. Bars with different letters are significantly dif-
ferent at P <0.05 by Duncan’s multiple range test; ns: not significant

M26, and CG5087 trees, and from —2.85 to —3.03 MPa in
G202, G214, and M9 trees.

The ¥4 and ¥,4 were also measured on the 18th day
after the cessation of flooding. The ‘de of G202, G214,
and MO trees under WT ranged from —0.72 to —0.75 MPa,
which was lower than that of the same rootstocks under CT.
However, in trees on the other rootstocks, the ‘I‘pd range
(—0.38 to —0.42 MPa) under WT was similar to that under
CT (—0.32 to —0.38 MPa). The ¥4 range (—2.62 to —3.15
MPa) for G202, G214, and M9 trees under WT was mark-
edly lower compared with trees on the same rootstocks under
CT, and the ¥, of the other trees ranged from —2.05 to
—2.45 MPa.

3.2 Net photosynthetic rate and stomatal
conductance

The P, during the daytime before WT was 11.9-13.2 pmol
m~2s7!, and there was no noticeable difference among trees
grafted on the various rootstocks (Fig. 2). However, on the
27th day after flooding started, the P, of all CT trees was
12.5-14.4 pmol m™2 s~!. Under WT, the P, of CG5087,

G935, CG4814, and G11 trees was 4.4-5.3 pmol m~2 s~/
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Fig.2 The net photosynthetic rate (a) and stomatal conductance (b)
of ‘Fuji’ nursery trees grafted on various rootstocks in CT (control
treatment) and WT (waterlogging treatment); before flooding (meas-
ured on June 23rd), on the 27th day after the onset of flooding (meas-
ured on July 21st), and on the 18th day after the cessation of flooding
(measured on August 8th). Qs (photosynthetically-active radiation)
was fixed at 1500 pmol-m~2.s~!. Vertical bars represent standard
errors of the means. Bars with different letters are significantly dif-
ferent at P <0.05 by Duncan’s multiple range test; ns: not significant

and that of G214, M9, G202, and M26 trees was 1.6-3.1
pmol m~2 s~!. The P, of M26, G11, CG5087, G935, and
CG4814 trees recovered to 5.2—7.0 pmol m~2 s~! on the 18th
day after the cessation of flooding. However, M9 and G214
trees had a P, of 21% and 34% of that of M9 and G214 trees
under CT (2.5 and 3.8 pmol m~2 57!, respectively), whereas
that of G202 trees was 4.8 pmol m~2s~! or 48% of the same
trees under CT.

Changes in G, were associated with the ¥, of trees. On
July 21st, the G, value ranged from 0.03 to 0.06 mol H,O
m~2s~!in M9, G202, and G214 trees. At the end of the trial,
the ¥, improvement increased the G, value to 0.07-0.13
mol H,O m™2 s™!, which affected the increase in P,,.

3.3 Vegetative growth

At the onset of WT, the height of all grafted trees varied
between 98 and 128 cm, with G202 and M26 trees being the
tallest, and M9 trees being the shortest (Table 1). After 27
days of flooding and 18 days of normal irrigation, the height
of trees under WT was 71% (M9) to 84% (CG5087) of that
of trees under CT, indicating that tree growth was inhibited
by flooding. The height of the trees grafted on other root-
stocks was 75-83% of that of the same rootstocks under
CT. At the end of flooding, the TCA of trees under WT
was markedly decreased to 53-72% of that of trees under
CT (Table 1). The TCA of G935, CG5087, and CG4814
trees was 67-72% of that of the same rootstocks under CT,
which was relatively better than the TCA of G214 and M9
trees (53% and 55% of that of same rootstocks under CT,
respectively).

Table 1 Changes in tree height

. Rootstock At the beginning of waterlogging At the end of waterlogging

and trunk cross-sectional area

(TCA) of ‘Fuji’ nursery trees Tree height (cm) TCA (mm?) Tree height (cm) TCA (mm?)

grafted on various rootstocks

during flooding stress cr* WT CT WT CT WT CT WT
Gl1 110ab  100bc (91)Y 25b  20c (80) 186ab  147ab (79) 48b  30bc (62)
G202 125a 121a (97) 36a  3lab(86)  200a 161a(80)  67a  4lab (60)
G214 107b 109abe (102) 25b  23bc (92) 187ab  140ab (75) 50b  27c¢ (53)
G935 113ab  101bc (89) 24b  20c (83) 195a 152ab (78) 47b  32abc (67)
CG4814 112ab  108abc (96)  26ab  24abc (92) 186ab 154ab (83) 51b  37abc (72)
CG5087 108ab  105bc (97) 25b  22c (88) 185ab  156ab (84) 48b  34abc (69)
M26 128a 115ab (90) 37a  32a(86) 201a 157ab (78) 68a  44a (65)
M9 105b 98¢ (93) 26ab  24abc (92) 181b  129b(71)  53ab  30bc (55)
Significance
A (Rootstock)  * ok * HHE
B (Treatment) kek kek sksksk kskesk
AXB ns ns ns ns

“Treatment: CT (control treatment), WT (waterlogging treatment). ¥(): Percentage compared with CT

Means in a column followed by the same letters are not significantly different at P <0.05 by Duncan’s mul-

tiple range test

*, %% and ***Significant at P <0.05, 0.01, and 0.001, respectively; ns not significant
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Changes in the growth rates of trees under WT revealed
that growth inhibition was relatively weak until the second
week of flooding (Fig. 3). From the third week of flood-
ing, growth rates varied significantly (P <0.05) among the
trees. Trees grafted on G935, CG5087, and CG4814 showed
growth rates of 68—77% of that of the same rootstocks under
CT. The growth rates of G214 and M9 trees decreased to
35% and 51%, respectively, of those of the same rootstocks
under CT. By the fourth week of flooding, the growth rates
of all trees under WT had further decreased. The growth
rates of M26, CG5087, and CG4814 trees and of M9, G214,
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Fig.3 Changes in the relative growth rate of tree height (RGR
wee height=Weekly growth in WT (waterlogging treatment)/weekly
growth in CT (control treatment)) of ‘Fuji’ nursery trees subjected to
WT. Arrows indicate the onset and end of flooding, respectively. Dif-
ferent letters in the same vertical column are significantly different at

P <0.05 by Duncan’s multiple range test; ns: not significant

and G202 trees decreased to 45-55% and 18-34%, respec-
tively, compared with the rates of the same rootstocks under
CT. On August 8th, G11, CG5087, G935, and CG4814 trees
showed growth rates of 26-32% of that of the same root-
stocks under CT. The growth rates of M9, G214, G202, and
M26 trees were 7-14% of those of the same rootstocks under
CT. Thus, although flooding was terminated, its effect con-
tinued throughout the normal irrigation period.

3.4 Dry matter production

There was a significant difference (P <0.05) between the
dry weights of trees subjected to the different treatments
(Table 2). G202 and M26 trees grew the most vigorously
and showed similar dry weights of shoots (44.5 and 43.5 g,
respectively) and fine roots (8.17 and 7.63 g, respectively),
followed by G935 and G214 trees, whereas M9 trees showed
shoot and fine-root dry weights of 31.70 and 5.14 g, respec-
tively, under CT. Comparisons between the dry weights of
shoots and leaves of grafted trees under both WT and CT
revealed that shoots and leaves of CG4814 trees reached
79% and 74% of the dry weights of the same rootstock under
CT, respectively, thereby showing the best growth under
flooding conditions. Conversely, M9 trees were the most
sensitive to flooding, with respectively, shoot and leaf dry
weights of 40% and 30% of those of M9 trees under CT. The
shoot and leaf dry weights of trees grafted on other root-
stocks were 43-50% and 39-56%, respectively, of those of
trees grafted on the same rootstocks under CT. Unlike that of
the aboveground parts, the fine-root dry weight of CG4814
trees was 12% higher under WT than under CT. However,

Table2 Dry weight of

. Rootstock Shoot dry weight (g)  Leaf dry weight (g)  Fine-root dry Coarse-root dry

shoot, leaf, fine root (<2 mm weight (2) weight (g)

diameter), and coarse root

(>2 mm diameter) of ‘Fuji’ CT* WT CT WT CT WT CT WT

nursery trees grafted on various

rootstocks measured at the end Gl1 349bc  15.9bc (46)* 37.lab 19.2ab (52) 5.58bc 4.81ab (86) 0.83bc 2.19ab (264)

of the experiment G202 44.5a  20.4ab (46) 43.4a 16.9abc (39) 8.17a 5.70a(70) 1.23ab 1.16bc (94)
G214 37.5abc 16.1bc (43) 36.7ab 15.2bc (41) 5.66bc 4.15ab (73) 1.37ab 2.88a (210)
G935 39.2abc 18.7bc (48) 40.2ab 21.3ab (53) 5.77bc 5.02a(87) 1.26ab 2.32ab (184)
CG4814 33.0c  26.0a(79) 34.6b 25.7a(74) 5.45bc 6.14a(112) 2.07a 2.52ab (121)
CG5087 38.4abc 18.5bc (48) 36.3ab 20.1ab (55) 5.55bc 4.65ab (84) 1.58ab 0.73c (46)
M26 43.5ab  21.8ab (50) 43.4a 24.3a(56) 7.63ab 5.62a(74) 0.29c 0.61c (206)
M9 31.7¢ 12.5¢ (40)  34.5b 10.5¢(30)  5.14c  2.25c(44) 0.19c 0.05c (26)
Significance
A (ROOtStOCk) skskck sk sk skeksk
B (Treatment) skskok skskok skekk 3k
AXxXB * * ns ns

“Treatment: CT (control treatment), WT (waterlogging treatment). ¥(): Percentage compared with CT

Means in a column followed by the same letters are not significantly different at P <0.05 by Duncan’s mul-

tiple range test

*, %% and ***Significant at P <0.05, 0.01, and 0.001, respectively; ns not significant
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the fine-root dry weights of CG5087, G11, and G935 trees
were 84-87%, G202, G214, and M26 were 70-74%, and that
of M9 was 44% of those of the same rootstocks under CT,
respectively (Table 2).

3.5 Defoliation and leaf area

The percentage of defoliation during the 27 days of flooding
and 18 days of normal irrigation after the cessation of flood-
ing, differed according to the rootstock type (Fig. 4). Defo-
liation progressed from the trunk near the ground, starting
from the middle of the second week of flooding, but its influ-
ence continued after the flooding ended. M9 trees were the
most sensitive to flooding, with 35% defoliation, followed
by G214, G202, CG5087, G11, M26, G935, and CG4814
trees, with 23%, 22%, 9%, 8%, 6%, 5%, and 4% defoliation,
respectively. All trees exposed to the flooding event showed
reduced leaf area through defoliation and accelerated aging
of the attached leaves (Fig. 4). In the submerged state, leaves
were more sensitive to growth reduction than roots (Table 2).
MO trees with the highest defoliation rate in WT had the
largest growth reduction in leaf area production, which was
65% of that of the same rootstock under CT, while CG4814
tree had 35%. These leaf area production differences suggest
that the rhizosphere stress sensitivity caused by flooding was
transmitted to the leaves.

4 Discussion

Root growth is generally more likely to be constrained by
low oxygen conditions than by high carbon dioxide condi-
tions (Kramer 1983a). At low oxygen concentrations, the
hydraulic conductivity of roots is reduced because mem-
brane proteins, which regulate the water entering and exiting

100
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Fig.4 Defoliation rate and leaf area of ‘Fuji’ nursery trees subjected
to WT (waterlogging treatment) at the end of the experiment. Vertical
bars represent standard errors of the means. Bars or circles with dif-
ferent letters are significantly different at P <0.05 by Duncan’s multi-
ple range test
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the cell, inhibit water transport, subsequently affecting the
W,.ar (Else et al. 2001; Parent et al. 2008). In this study, the
V¥4 and ¥4 of G202, G214, and M9 trees were signifi-
cantly (P <0.05) lower than those of trees grafted on other
rootstocks on the 27th day after flooding (Fig. 1), which, in
turn, seems to have a direct relationship to P, and dry mat-
ter production (Fig. 2, Table 2). Increased resistance of the
roots’ water absorption—migration pathways (Watanabe et al.
2013) is believed to be more pronounced in these three trees,
suggesting a difference in sensitivity to submerged stress
among the trees. The ¥, of trees grafted on G202, G214,
and M9 rootstocks remained low even on the 18th day after
the cessation of flooding, indicating that the trees could not
rapidly or fully recover from root-system damage caused by
waterlogging.

The extent of the stress exerted on plants by flooding can
be estimated by measuring leaf gas exchange rates (Schaffer
et al. 1992). Decreased photosynthesis at the initial stage
of flooding has been related to G,, However, with pro-
longed flooding, changes in the activities of carboxylation
enzymes and the loss of chlorophyll are assumed to affect
P, (Kozlowski 1997). The decreased P, observed in WT
plants on the 27th day after flooding (Fig. 2), regardless of
rootstock type, may be attributed to the decrease in hydraulic
conductivity of roots caused by insufficient oxygen in the
rhizosphere. In particular, the P, of G202, G214, and M9
trees was lower than that of trees grafted on other rootstocks,
presumably because their V., decreased to —2.85 MPa or
less (Fig. 1), thereby resulting in loss of turgor pressure and
closure of the stoma. On the 18th day after the cessation of
flooding, the gas exchange rates of all grafted trees recovered
to some extent, but these rates were still markedly lower in
G214 and MO trees under WT (Fig. 2). In these trees, the
water absorption function of the roots is still degraded and
is also considered to be related to the levels of hormones
involved in stomatal opening, such as abscisic acid or ethyl-
ene (Blanke and Cooke 2004).

The height growth of flooded trees did not differ greatly
from that of CT trees until the second week after flooding
treatment, after which there was a significant difference
(P<0.05) among trees grafted with the various rootstocks
(Fig. 3). This finding indicates that the apple tree is rather
resistant to flooding at initial stages. Furthermore, in this
study, G202, G214, M9, or M26 trees, with relatively weak
resistance to flooding, seemed to lose their resistance rap-
idly if the flooding exceeded certain limits. However, the
growth inhibition of G11, G935, CG4814, and CG5087 trees
under flooding was lower than that of other trees (Fig. 3).
Presumably, as the W, value remained higher for a longer
time than other trees in WT (Fig. 1), it resulted in relatively
less restricted cell division and elongation and less interfer-
ence with cytokinin synthesis and transport in roots (Kramer
1983b; Mielke et al. 2003), as well as the slight differences
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in the supply of photosynthate and nutrients caused by dif-
ferences in G, (Fig. 2), which may have affected the potential
growth of trees.

Differences in the decreased range of the biomass of
shoots, leaves, and roots among the trees grafted on vari-
ous rootstocks could be attributed to their different ¥, and
P, values during the WT period (Table 2). Repeated flood-
ing and drainage may also have resulted in the leaching or
denitrification of plant nutrients, such as nitrogen, which is
essential for plant growth in the soil (Bacon et al. 1986). The
decrease in transpiration caused by flooding stress would
have adversely affected plant growth by limiting the flow
of nutrients in the soil to the plant (Colin-Belgrand et al.
1991). Root development is influenced by many factors,
such as scion and rootstock type, soil texture, soil mois-
ture, soil air permeability, soil nutrients, and soil microor-
ganisms (Webster 2005). In this study, the coarse-root dry
weight was slightly higher in trees under WT than in those
under CT, which may be because of root trimming before
planting. In addition, the differences in the coarse-root dry
weight between trees grafted on C or CG series and M series
rootstocks seemed to be a result of rootstock characteristics
(Abod and Webster 1989), given that most of the new roots
of the M9 rootstock regenerated in the stem. The production
of the fine-root dry matter of CG4814 tree was found to be
slightly higher in WT than in CT, apparently because of the
differences in the amount of coarse-root biomass attached
to the trunk before planting (Table 2). Nevertheless, consid-
ering that the fine-root dry matter did not decrease in WT
compared with CT, CG4814 tree appears to be relatively less
sensitive to flooding.

Defoliation of flooded plants could be related to the
production of ethylene (El-Beltagy and Hall 1974), which
inhibits the formation of indole-3-acetic acid and blocks its
transport, thereby increasing abscisic acid production and
promoting leaf abscission (Addicott 1991). During the flood-
ing period, G202, G214, and M9 trees suffered more dam-
age than trees grafted on other rootstocks. Consequently,
the stress induced by flooding may affect the rate of defo-
liation (Fig. 4). However, other rootstocks exhibited some
resistance to flooding, as the defoliation of trees grafted on
these rootstocks in response to flooding was lower than that
of G202, G214, and MO trees. In this study, the leaf area
reduction caused by the increased defoliation rate (Fig. 4) is
believed to be because of a physiological disorder rather than
the mechanism by which plants adapt to waterlogging when
affected by water absorption under anaerobic conditions of
the rhizosphere (Gomez-Cadenas et al. 1996; Parolin and
Wittmann 2010). Thus, it is assumed that the excessive leaf
area reduction (e.g., G202, G214, and M9 trees) caused by
flooding may have not only diminished the potential for plant
regrowth but also affected the dry matter production and
partitioning of each part of the tree as a result of decreased

export of the photosynthate produced by the whole plant to
sinks.

In conclusion, repeated flooding for 4 weeks had a mark-
edly negative impact on physiological responses, dry mat-
ter production, and tree height growth. In the initial stages
of flooding, all trees exhibited some extent of flooding
resistance. From the third week after flooding treatment,
the growth of trees drastically deteriorated as evidenced by
symptoms of slowly withering leaves in some trees, and the
differences in waterlogging tolerance between the rootstock
types began to emerge. Even at the end of the trial, WT
trees still had lower ¥,.,; and P, than CT trees, and some
individual types with large leaf area losses because of defo-
liation, such as G202, G214, and M9 trees, are not expected
to recover within a short period. Therefore, the results of
this study suggest that trees grafted on M9 rootstock were
the most sensitive to flooding, and G214 and G202 trees
showed similar sensitivity levels as M9 trees. Conversely,
trees grafted on CG4814 rootstock were more resistant to
flooding than M26 trees, and CG5087, G935, and G11 trees
showed comparable tolerance to waterlogging as M26 trees.
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