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Effects of flooding on susceptibility
of Taxodium distichum L. seedlings to drought
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Abstract

Responses of baldcypress (Taxodium distichum) seedlings to -soil moisture were studied to test the hypothesis that
flooding may lead to seedling's higher susceptibility to drought. Treatments included a well-watered but drained control
(C), continuously flooded (CF), control followed by drought (CD), and flooded followed by drought (FD). Gas exchange
values revealed no significant effects on net photosynthetic rate (Py) in response to flooding. In contrast, after the onset
of drought, Py was significantly reduced in CD and FD plants. Significant growth reductions under mild drought condi-
tions indicated that baldcypress seedlings were drought sensitive. However, comparison of gas exchange rates and
growth responses between CD and FD plants indicated that prior flooding had no detectable effect on subsequent sensi-
tivity of baldcypress to drought. These findings explain baldcypress persistence in wetland habitats characterized by pe-
riodic flooding and mild drought.

Additional keywords: baldcypress; dry mass; leaf, photosynthesis; redox potential; root; stem; stomatal conductance; transpiration

rate; wetlands.
Introduction

Baldcypress, Taxodium distichum (L..) Rich., is a flood-
tolerant tree species found in forested wetlands of the
southeastern United States. Although baldcypress persists
across a range of hydrologic regimes, early growth and
survival of regenerated seedlings appear to be directly
related to the frequency of substrate exposure to air
(Klimas 1987, Pezeshki 1991, Mitsch and Gosselink
2000). Currently, many wetlands and associated water
bodies in the region are experiencing problems due to
limited water level fluctuations primarily imposed by hu-
man-induced changes in hydrology (USFWS 1989). In
certain areas, regulatory agencies are proposing to re-in-
state water level fluctuations including extreme draw-
downs (USFWS 1989). However, the implications of
such plans for the survival of woody seedlings growing in
adjacent wetlands are not well known. First, tree seed-
lings grown in such areas are subjected to frequent soil
flooding and, thus, usually develop flood-induced charac-
teristics such as -adventitious roots. A drawdown could
expose these roots to air. Second, drawdowns during the
growing season may create severe drought.

Despite frequent precipitation, droughts of sufficient
severity occur frequently during the growing season
across this region. Although no data exist for the probable
number of drought days in the region for trees (because of
their deep rooting), the probable number of drought days
for crop plants 5 years out of 10 is 70 to 80 (Kozlowski
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etal 1991, Kozlowski and Pallardy 1997). Thus, it is
reasonable to expect a high probability of drought during
the growing season. Additionally, root systems of seed-
lings of woody species that are grown under flooded con-
ditions are shallow as compared to non-flooded plants
and may be more susceptible to drought stress.

In general, plant responses to flooding and drought in-
clude stomatal closure (Pezeshki and Chambers 1985,
Smith and Ager 1988, Kozlowski and Pallardy 1997) and
decreases in net photosynthetic rate, Py (Pezeshki and
Chambers 1985, Pezeshki et al. 1986, Pezeshki 1993).
However, previous research on responses of baldcypress
have focused primarily on gas exchange responses to soil
flooding (see Pezeshki 1993, 1994, Anderson and
Pezeshki 1999 and the references cited therein) while
relatively little is known about gas exchange responses to
intermittent flooding and drought cycles. The purpose of
this research was to quantify responses of baldcypress
seedlings to such a cycle. The main objective was to de-
termine whether or not flooding has any effect on seed-
ling susceptibility to a subsequent drought and to quantify
the physiological functions and growth following re-wa-
tering. To meet this objective we tested the hypothesis
that flooding of baldcypress seedlings may lead to seed-
ling's higher susceptibility to drought as compared to
seedlings that had not been exposed to flooding.
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Materials and methods

Baldcypress seeds, collected from local sources in west
Tennessee, USA were germinated following the strati-
fication protocol described by Pezeshki and Santos
(1998). Newly germinated seedlings were transplanted in
pots 15 cm in diameter and 30 c¢m in height and filled
with soil collected from the A, horizon of a Falaya silt
loam. Seedlings were placed in a greenhouse and allowed
to acclimate for one week prior to treatments. All treat-
ments were fertilized weekly with a commercial soluble
fertilizer (20-20-20 %, N: P: K, respectively). At the
initiation of the study, seedlings averaged 34.7+0.9 ¢m in
height. Well-watered controls were watered daily with
1000 cm® of tap water to achieve field capacity while
flooded treatments were subjected to saturated soils with
water level maintained at 5 cm above the soil surface.

The experimental design was a complete randomized
block design. Initially, using two treatments with 3 blocks
per treatment and 14 seedlings per block, there were a
total of 84 randomly selected seedlings; 42 were ran-
domly assigned to control (C) and 42 to continuous flood-
ing (CF). The study was divided into three phases. Phase I
was carried out in order to induce initial flood responses
beginning on day 0 and ending on day 62. At the end of
the phase I, seedlings were assigned randomly to two sub-
sets and four treatments: C (control), CF (control fol-
lowed by flooding), FD (flood followed by drought), and
CD (control followed by drought); thus, 21 seedlings per
each treatment combination. Phase II began on day 63.

Soil water potential was monitored using pre-dawn
leaf water potential measurements. Seedlings in the
drought treatments received 500 cm® water once pre-dawn
leaf water potential measurements approached —0.5 MPa
in order to maintain a mild (moderate) drought stress.

Phase III began on day 99 with the re-watering of the
drought-stressed seedlings; bringing the soil to field ca-
pacity and maintaining it at this level for two weeks. Plant
measurements continued in order to determine the degree
of resumption of plant functioning. The entire study lasted

Results

Plant responses to flooding (phase I): Soil Eh was
reduced in flooded treatments ranging between +18 to
+172 mV while Eh values indicative of oxidized soil con-
ditions ranging between +408 to +485 mV were recorded
for controls (Fig. 1).

Both transpiration rate (E) and gg increased in CF
plants as compared to C plants after 14 d of flooding
(p=10.0001). For instance, gs remained significantly
higher than control plants through day 53 of the study
(p =0.0008, Fig. 2C). Two days after flooding, Py de-
creased significantly (p =0.0014) as compared to con-
trols. However, Py rates recovered after fourteen days of
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for 114 d (June through October, 1999).

Soil measurements included soil redox potential, Eh
[mV] using platinum-tipped electrodes built according to
Patrick and DeLaune (1977). The electrodes were placed
at 15 cm below the soil surface in six randomly chosen
pots per treatment. A portable millivoltmeter and a calo-
mel reference electrode were used to determine Eh
(Pezeshki and DeLaune 1998). The study was conducted
in an air-conditioned greenhouse where temperature
ranged from 23.5 to 41.2 °C and natural light provided a
daily maximum of photosynthetic active radiation (PAR)
around 1 600-1 750 pumol m™ s™ at the top of plant can-
opy during sunny days.

Plant measurements included Py and stomatal conduc-
tance (gs) using a portable field photosynthetic system
(CIRAS1, PP Systems, Hitchin, England). These measure-
ments were conducted weekly on well-developed, intact
attached leaves (needles) from the upper portion of
branches of ten randomly selected seedlings per treat-
ment. Leaf water potential was measured on five ran-
domly selected seedlings within each treatment using a
pressure chamber (model 1003, PMS Instruments,
Corvallis, OR, USA). Height measurements were conduc-
ted at the conclusion of each phase. Final biomass was
collected at the conclusion of the study and separated into
plant parts of either dead or live leaf, stem, and root.
Fresh masses were determined immediately after harvest-
ing. Plant parts were then dried at 70 °C to a constant
mass in order to determine dry mass.

Analyses of the data employed GLM procedures of
the Statistical Analysis System (SAS Institute, Cary, NC,
USA) to determine any significant differences between
different treatment groups under flood and drought con-
ditions. GLM procedures including multiple pair-wise
comparisons (Tukey’s HSD) were used to determine sig-
nificant differences at the 0.05 level between treatment
groups in gas exchange responses, biomass allocation
patterns, and leaf water potential.

flooding to values comparable to controls (p = 0.5457).
Mean Py for phase I showed no significant treatment ef-
fects (Fig. 24).

Mean height (+SE) was 73.80 (+1.84) and 74.30
(£2.09) cm in C and CF plants, respectively. Percent sur-
vival was 100 % for both treatments. Thus, flooding had
no significant effects on height growth or survival rate at
the end of phase I. :

Plant responses to flooding followed by drought
(phase II): During phase II, the continuously flooded
(CF) pots remained flooded, thus, continued to exhibit



reduced soil Eh conditions ranging from ~73 to —118 mV.
In contrast, following initiation of drought, soil returned
to aerated condition as Eh in FD pots (flooded in phase I
followed by drought in phase II) exhibited values compa-
rable to C (control) and CD (control in phase I followed
by drought in phase II).
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Fig. 1. Soil redox potential [Eh] before and during phase 1 of
the study period. Arrow indicates the initiation of flooding.
Dashed line indicates Eh of +350 mV, the approximate Eh at
which O, disappears from the soil. Significant differences at
the 0.05 level between flooded and control conditions are noted
by *. Bars indicate +SE.
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Fig. 2. (4, B) Mean net carbon assimilation (Py) and (C, D)
stomatal conductance (gs) during phase I (4, C) and phase III
(B. D) of the study period. Significant differences at the 0.05
level between continuously flooded (CF), control (C), control
followed by drought (CD), and flood followed by drought (FD)
are noted by different letters. Bars indicate +SE.

After five days of draining (day 68) and withholding
water, predawn leaf water potentials (¥pp) in FD and CD
plants were —0.437 and —0.443 MPa, respectively. Leaf
¥op measurements exhibited no significant differences
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between FD and CD plants throughout phase 1I as both
treatments were designed to impose mild drought condi-
tions (Fig. 3C) while C and CF plants did not experience
water stress.

Significant reductions in mean gs and Py were found
at the conclusion of phase II (Fig. 34,B). Values of gs, E,
and Py in CD and FD plants were significantly lower
compared to C and CF plants. However, no significant
differences were observed between CD and FD plants
(Fig. 34,B), thus, flooding during phase I had no detect-
able effects on plant gas exchange responses o drought
during phase I1.

Recovery from stresses (phase III): Six days after re-
watering, no significant differences in Wpp were found
between treatments. Mean Wpp was -0.020+0.002,
—0.020+0.002, —0.040+0.004, —0.030+0.004 MPa in C,
CF, CD, and FD, respectively.

During phase III, Py in CD and FD plants recovered
substantially after re-watering (Fig. 2B). Mean gs in CF
plants remained significantly higher than all other treat-
ments (Fig. 2D).
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Fig. 3. (4) Mean net carbon assimilation (Py), (B) stomatal
conductance (g,), and (C) predawn leaf water potential [MPa]
during Phase II. Significant differences at the 0.05 level be-
tween continuously flooded (CF), control (C), control followed
by drought (CD), and flood followed by drought (FD) are noted
by different letters. Bars indicate +SE.

At the conclusion of phase III, mean heights were
79.40+2.70 cm in C, 85.90+4.30 ¢m in CF, 76.50£3.09
cm in CD, 80.50+3.01 cm in FD and showed no signifi-
cant differences across treatments (p=0.2571). Under
drought, root masses in CD and FD plants were signifi-
cantly reduced compared to controls (Table 1). However,
no significant differences in shoot or root mass were ob-
served between CD and FD plants. Shoot mass in CF was
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significantly higher than under other treatments at the
conclusion of the study. Stem dieback was observed in
CD and FD plants. In addition, live leaf mass significantly
decreased under CD and FD treatments (Table 1). Signi-

ficant differences were found in root/shoot ratios (RSR) at
the conclusion of the study. Control plants had the highest
RSR of 1.79 while RSR was 1.48, 1.16, and 0.96 in CF,
FD, and CD plants, respectively.

Table 1. Means (+SE) of final total shoot dry mass [g], total root dry mass [g], and biomass components of live stem, dead stem, live
leaf, dead leaf, live root and dead root mass at the conclusion of the study. Treatments: control (C), continuously flooded (CF), flood
followed by drought (FD), and control followed by drought (CD). Significant differences across treatments at the 0.05 level noted by

different letters.

Variable C CF FD CcD
Shoot dry mass ~ 16.29+1.63°  24.15+2.52° 12.93+1.20%  14.58+0.98°
Rootdrymass  26.63+£3.53*  36.71%6.37° 11.17+1.43%  11.80+1.73°
Dead leaf mass 0.52+0.13 % 0.32+0.10 ¢ 1.81+0.41° 3.45£0.54°
Live leaf mass 6.23+0.60 ® 5.4740.53 * 2.31+0.43° 2.24+0.44°
Live stem mass 949+1.11°%  18.33+1.99° 6.17£0.97" 7.07+£0.69°
Dead stem mass  0.06+0.03 ° 0.03+0.03 ® 2.64+0.82 2 1.80+0.63 2
Liveroot mass  26.6243.52%  36.34+6.37% 11.10+1.42°  11.68+1.74°
Dead root'mass 0.006+0.004°  0.080+0.020®  0.09£0.030®  0.120+0.030*

Discussion

Gas exchange rates in flood-tolerant species such as bald-
cypress usually resumes rapidly following a flood event
(Kozlowski 1982, Pezeshki et al. 1986, Pezeshki 1990,
1993) as was noted in this study. In fact, despite the initial
reductions (values not shown), enhanced gg relative to
controls was noted in continuously flooded plants (Fig.
2C,D). Maintenance of high gs during flooding may have
contributed to the observed maintenance of high Py rates
during this study. The gas exchange response pattern ob-
served in part reflects an important flood-tolerance char-
acteristic allowing for continued photosynthetic carbon
fixation under reduced soil Eh. Although soil Eh in
flooded treatments remained reduced (Fig. 1), Eh values
did not reflect a highly reduced soil environment that can
adversely impact plant functioning (Pezeshki and
DeLaune 1998).

Pezeshki and Anderson (1997) and Conner and Flynn
(1989) reported continued height growth in baldcypress in
both intermittent and continuously flooded soil condi-
tions. In contrast to these findings, reduced height growth
in baldcypress was found in seedlings exposed to conti-
nuous flooding (Yamamoto 1992, Conner 1994,
Yamamoto ef al. 1995). Many of these studies did not
report soil redox potential, therefore, it is not clear how
reduced the soil became, thus, making it difficult to com-
pare these results directly. Nevertheless, the present study
indicated that baldcypress seedlings are well suited for
sustaining height growth under mildly reduced soil con-
ditions created by soil flooding.

Leaf water potentials in CF plants remained similar to
controls. Satisfactory maintenance of water status in CF
plants suggests that there were no changes in resistance to
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water movement across root membranes as compared to
controls. Interestingly this “normal” internal water status
was maintained in CF plants without development of any
visible adventitious roots.

Soil flooding influences numerous aspects of root and
shoot physiology that may inhibit growth or alter biomass
allocation (Kozlowski 1982, Pezeshki 1994). Biomass
allocation in baldcypress was modified in response to
flooding. A significant increase in shoot growth of CF
plants was noted as compared to controls (Table 1). Allo-
cating photosynthate to shoot growth enhances seedling’s
survival against future flooding events because portions
of shoots must be maintained above floodwaters or death
of baldcypress seedlings will likely occur. Root biomass
in CF plants, however, was similar to that found in con-
trols. Some species grown in flooded conditions experi-
ence reductions in root growth (McLeod et al 1986,
Pezeshki et al. 1996). Aboveground biomass, however,
was greatest in CF plants as compared to controls.
Greater biomass accumulation under continuous flooding
in Nyssa aquatica, a highly flood-tolerant tree species has
been reported by McKelvin ef al. (1995).

Responses to drought: At the onset of mild drought con-
ditions, substantial reductions in g5 and Py in CD and FD
plants were -observed. Stomatal closure prevents excess
water loss during periods of limited water availability
and/or high evaporative demand but reduces photosynthe-
sis through diffusion limitations and the resultant de-
creasing intercellular concentrations of CO, (Epron et al.
1992). Reductions in gg and Py in CD and FD plants indi-
cated that under mild drought conditions Py was reduced,



at least partially, due to stomatal closure.

Our results did not support the hypothesis that prior
flooding of baldcypress plants may lead to greater sus-
ceptibility to drought as compared to well-watered seed-
lings that were exposed to the same degree of drought. No
significant differences in Py and gs between CD and FD
plants were found (Fig. 34,B), thus, prior flooding of
baldcypress seedlings apparently did not affect gas ex-
change responses to drought. However, gas exchange
rates in both CD and FD plants were reduced substan-
tially when predawn leaf water potentials reached
0.5 MPa or less (more negative). Decreases in gas ex-
change also coincided with partial wilting that occurred at
predawn leaf water potentials of less than —0.5 MPa.
These findings suggest that baldcypress seedlings were
susceptible to drought regardless of prior exposure to soil
flooding.

Midday leaf water potentials decreased significantly in
CD as compared to C plants during mild drought. Leaf
water potential of ~2.1 MPa observed in CD plants and
—1.7 MPa in FD plants may explain reduced root growth
and inhibition of Py in both treatments since as plant wa-
ter content decreases, vital functions such as Py are sup-
pressed (Larcher 1995). Although observations of re-
duced gs have been made in response to drought without
apparent leaf water deficits (Liu and Dickmann 1992),
reductions in gas exchange rates in this study can be at-
tributed to leaf water deficits under drought as indicated
by low (more negative) leaf water potentials as compared
to controls.

Recovery from drought: Upon resumption of regular
watering of the FD and CD seedlings during phase III,
significant increases in gas exchange rates were observed.
This response to removal of mild water stress is typical of
many species (Bradford and Hsiao 1982). Although gas
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