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Abstract Growing interest worldwide in bottomland hardwood restoration necessitates

improved ecological understanding of flooding effects on forest tree seedlings using

methodology that accurately reflects field conditions. We examined hardwood seedling

survival and growth in an outdoor laboratory where the timing, depth, duration, and flow

rate of flood water can be carefully controlled while simulating natural soil conditions

occurring in floodplains. Flooding treatments were initiated in mid-May and included

partial inundation (15–20 cm) during the growing season for 5-week flowing, 5-week

standing, 3-week flowing, and control. We monitored the vigor, survival, and growth

(changes in basal diameter and stem length) of six hardwood species representing a wide

range in expected flood tolerance including eastern cottonwood (Populus deltoides Bartr.

Ex Marsh.), pin oak (Quercus palustris Muenchh.), swamp white oak (Q. bicolor Willd.),

bur oak (Q. macrocarpa Michx.), black walnut (Juglans nigra L.), and pecan [Carya
illinoensis (Wangenh.) K. Koch]. All stock was 1-0 bareroot except that cuttings were used

for eastern cottonwood. Five species—eastern cottonwood, bur oak, swamp white oak, pin

oak, and pecan—exhibited high survival probabilities ([0.62 for cottonwood; [0.77 for

the others) regardless of flood treatment. But of the survivors, only eastern cottonwood and

swamp white oak maintained positive growth and healthy green foliage. Despite high

survival, bur oak and pin oak suffered stem growth losses and exhibited chlorotic foliage in

flood treatments suggesting greater vulnerability to other abiotic or biotic stresses if out-

planted on flood-prone sites. Pecan also suffered stem dieback in controls suggesting

vulnerability to competition and browsing when outplanted despite high survival after
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flooding. Our quantitative data helps to confirm and/or refine previously published quali-

tative flood tolerance ratings for these species, and describes operation of an in situ outdoor

flood experiment laboratory that may prove effective in guiding future flood tolerance

research.

Keywords Flood tolerance � Restoration � Bottomland hardwoods � Seedling growth �
Seedling survival

Introduction

There is increasing worldwide interest in planting deciduous hardwood seedlings as part of

forest restoration efforts to conserve soil, protect against extreme flooding, provide timber

and wildlife habitat, or to reestablish native hardwoods on land formerly used for agri-

culture (Glenz et al. 2006; Dey et al. 2010; Maltoni et al. 2010; Jacobs et al. 2012).

Survival of planted hardwood seedlings is often poor (Jacobs et al. 2004; Stanturf et al.

2004; Dey et al. 2010) and numerous authors have indicated that successful hardwood

restoration requires carefully matching the ecological requirements and tolerance of spe-

cies to environmental conditions of the planting site (Stanturf et al. 2001, 2004; Allen et al.

2004; Gardiner et al. 2009). Because periodic flooding occurs in bottomlands, it is par-

ticularly important that seedlings are adapted to the seasonality, depth, and duration of

flood events of a site; Stanturf et al. (2004) suggests that lack of detailed knowledge of a

species’ flood tolerance is a major cause of regeneration failures in flood-prone areas.

Several factors influence the ability of trees to tolerate flooding. In addition to adaptive

differences among species, the size and age of the trees, the timing and duration of flooding,

and the oxygen content of the flood water are important variables (Kozlowski and Pallardy

1997). Trees are more likely to survive partial rather than complete inundation (Hosner

1960). Consequently, seedlings may be more vulnerable to minor floods than are mature trees

because they are more likely to be completely inundated. Crown size and vigor, however, are

other important determinants of flood tolerance (Hook 1984) and these attributes are gen-

erally sub-optimum in newly establishing seedlings. Floods during the growing season are

more damaging than those during dormant periods because they restrict oxygen to roots

when both root and shoot growth are most active. Standing flood water is more damaging to

plants because it contains less oxygen than flowing water (Kozlowski and Pallardy 1997).

Published flood tolerance ratings can be used to guide species selection for restorations

in flood-prone areas. However, the concept of flood tolerance remains difficult to define

quantitatively. Consequently, flood tolerance ratings are expressed with vaguely-defined

terms, such as ‘‘moderately tolerant’’ or ‘‘somewhat tolerant’’ (Allen et al. 2004). Even

when explicitly defined, flood tolerance often has been determined observationally, based

on case histories rather than experimentally from controlled studies where confounding

influences were reduced or eliminated (Hosner 1960; Hook 1984; Loucks 1987; Allen et al.

2004). Where experimentation has been used to examine flood tolerance, most studies have

been conducted with seedlings planted in pots or containers that are subsequently inun-

dated (Catlin and Olsson 1986; Smith and Bourne 1989; Pezeshki et al. 1999; Kaelke and

Dawson 2003), resulting in conditions that poorly emulate those of natural floodplains.

The interest in bottomland afforestation throughout North America (Stanturf et al. 2004,

2009; Dey et al. 2010) and Europe (Frye and Grosse 1992; Weber 2005; Glenz et al. 2006)

has prompted us to more carefully examine seedling survival and growth when planted

where they are subjected to flooding. Here we report on a series of experiments conducted
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on a wide variety of tree species native to North American bottomlands in a unique outdoor

laboratory where the timing, depth, duration, and flow rate of flooding can be controlled on

natural soils where conditions more closely emulate those occurring on natural floodplains.

Our objectives were to compare the vigor, survival, and growth after flooding of hardwood

seedlings having a range of published flood tolerance ratings and to examine the utility of

these metrics for guiding species selection for bottomland hardwood plantings.

Methods

Experimental site

The outdoor Flood Tolerance Laboratory (FTL) is located at the University of Missouri

Horticulture and Agroforestry Research Center in New Franklin, Missouri, USA

(39.0098892� Latitude, -92.7706931� Longitude). At the time of this study, the facility

comprised twelve, 6-m-wide 9 180-m-long channels constructed on the floodplain of a

perennial stream that flows into the Missouri River (Fig. 1). Soils underlying the FTL are a

mix of moderately well-drained Nodaway silt loam (fine-silty, mixed, nonacid, mesic,

Mollic Udifluvents) and poorly-drained Carlow silty clay (fine, montmorillonitic, mesic,

Vertic Endoaqualls) (Grogger and Landtiser 1978). Soil excavated for a retention pond on

the down-slope end of the FTL was used to build parallel, 2-m-high berms to form the

twelve channels; care was taken during construction to not alter the soil within the

channels. The drop within each channel averages \ 15 cm from inlet to outlet. Two

Fig. 1 Aerial photograph of the Flood Tolerance Laboratory at the Horticulture and Agroforestry Research
Center in New Franklin, MO, USA. Flood treatments were applied in three blocks comprising four adjacent
channels. Block I comprises the four channels nearest the gravel road, block II comprises the middle four
channels, and block III comprises the four channels on the left side of the photograph. Three channels (one
per block) remained unflooded (control treatment)
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1,600 L h-1 electric pumps move water from the retention pond to adjustable butterfly

valves located at the inlet end of each channel. Adjustable flood leveling gates at the outlet

end control the depth of water between 0 and 0.3 m for flowing water flood treatments.

Flow rates within channels can be adjusted to exchange the water up to once each day

(120 L min-1). Adjustable float valves were installed on the inlet end to control flooding

depth for standing water flood treatments. Excess water in all channels flows back into the

retention pond through outlet pipes installed 15 cm lower than the surface of each channel.

A 6-m 9 5-m depression approximately 20 cm deep was excavated at the outlet end of

each channel to collect post-flooding water and allow the use of self priming water pumps

(930 L min-1) to rapidly drain each channel when flooding treatments are terminated.

There also is a supplemental drain pipe across all channels beneath the outlet depressions

and 20-cm-deep ditches along both sides of each channel to increase post-flooding flow of

water from the channel and to intercept water seeping under berms into the control

channels. Detailed information about the soil conditions at the FTL is given in Van

Sambeek et al. (2006).

Species

We evaluated flood responses of pin oak (Quercus palustris Muenchh.), swamp white oak

(Q. bicolor Willd.), bur oak (Q. macrocarpa Michx.), black walnut (Juglans nigra L.),

eastern cottonwood (Populus deltoides Bartr. Ex Marsh.), and pecan [Carya illinoensis
(Wangenh.) K. Koch], which commonly are used in bottomland restoration plantings of the

central USA. We used 30-cm-long cuttings for cottonwood and 1-0 bareroot stock for the

other species. All stock was produced at the George O. White State Forest Nursery located

near Licking, MO, USA.

Experimental design and treatments

The design was a randomized complete block with treatments replicated in space (three

blocks) and time (the experiment was repeated in two different years). This was done by

grouping four adjacent channels in three blocks. Within blocks, a single treatment was

randomly assigned to each of the four channels: control, 3-week flowing, 5-week flowing,

or 5-week standing. Soil properties of the three blocks are provided in Table 1 and Fig. 2.

Prior to planting all channels were cultivated to a depth of 10 cm with a tractor-mounted,

1.5-m-wide rotary tiller. Within each channel, 25 seedlings or cuttings (cottonwood) of

each species was planted on a 0.75-m 9 0.75-m spacing (25 seedlings or cuttings per

species per channel, 75 seedlings per species per treatment, and 1800 seedlings total).

During the first experiment, flood treatments were initiated on May 15, 2004, approxi-

mately 1 month after seedling planting. In flooded channels, the water depth was main-

tained at 20–25 cm. The timing and depth of the flood treatments were selected to simulate

late spring floods common in the central USA. When not flooded the herbaceous plants and

other competing vegetation was controlled by mowing and by applying glyphosate (0.5 %

solution) one time in the rows in between established seedlings in late June or early July

when competing ground vegetation was approximately 15 to 20 cm tall.

The second experiment was conducted in 2005 using the same approximate time

schedule (e.g., flooding initiated on May 23, 2005, approximately 1 month after seedling

planting), treatments, and flood depth. Prior to initiating the second experiment, seedlings

from the previous experiment were removed and the channels were cultivated in prepa-

ration for planting. Treatments within blocks were re-randomized as were the species
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within channels. As with the first experiment, we planted the same six species and stock.

For both experiments combined, this yielded six complete blocks (reps) comprising 600

individual trees each of six species (3,600 individual trees total).

Measurements

Immediately after planting, we recorded stem length (soil surface to the tip of the main

stem) and basal diameter (1 cm above soil surface measured twice in orthogonal direc-

tions) (Table 2). At the termination of each experiment in September, stem length and

basal diameter were re-measured. We also recorded presence or absence of stem dieback

and rated foliage appearance (green and healthy or chlorotic).

Deleterious effects of flooding on tree seedling survival and growth may not be fully

observed during the same growing season that flood treatments are implemented (Frye and

Grosse 1992). This may be particularly applicable to species such as oaks, black walnut,

and pecan in which terminal shoot growth during a flush may be strongly influenced by

seedling vigor while buds are being set. In our experiments, the growth that occurred likely

was influenced by both pre- and post-flood conditions. Thus, we allowed the seedlings to

remain in the ground over winter without additional flooding after the termination of the

second experiment in 2005. In June 2006, near the termination of the first shoot flush in the

oaks, black walnut, and pecan, we recorded the number of living seedlings and re-mea-

sured stem length of all seedlings.

Analysis

We compared treatments using the mixed linear models procedure (PROC MIXED) in

SAS statistical software (SAS version 9.1, SAS Institute, Cary, NC, USA). We compared

Table 1 Soil properties within the top 20–25 cm across three replications of four channels each within the
outdoor Flood Tolerance Laboratory

Variable Block I Block II Block III

Dominant USDA soil series Carlow and Nodaway Nodaway and Carlow Nodaway

Soil texture

Silt content 58 63 68

Clay content 34 28 23

Available water holding capacity (cm) 4.5 5.1 5.6

Soil pH

Post flooding in 2003 7.4 6.9 6.5

During flooding in 2005 6.9 6.8 6.6

Post flooding 2005 6.6 6.6 6.5

Soil redox potential (mV)

Post flood 2005 recovery 357 394 422

Soil nutrients, pre-flooding (kg ha-1)

Ca 6,520 5,280 4,950

Mg 821 808 765

K 512 518 529

P 98 83 77

Data adapted from Van Sambeek et al. (2006). See Fig. 1 for arrangement of blocks
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the fixed effects of treatment and the species 9 treatment interaction and the random

effects of block 9 treatment and block 9 treatment 9 species, respectively, as the error.

For the survival assessment, we modeled the binary response (live or dead) with a logistic

function and transformed it into survival probabilities. We evaluated the effects of treat-

ments on foliar health by analyzing as the response variable the proportion of healthy

seedlings (no dieback and healthy, green foliage). For assessing flood treatment effects on

growth, we calculated the change in stem length and basal diameter that occurred during

the growing season (the initial stem length or basal diameter was subtracted from those

determined at the end of the growing season or after overwintering). When significant

effects were detected in the ANOVA (a = 0.05), we compared individual means using

Fisher’s least significant difference test (a = 0.05).

Results

Flooding effects

Compared to the control, flood treatments significantly decreased survival (P \ 0.01), stem

growth (P = 0.05), and basal diameter growth (P = 0.02) when examined without regard

to species (Table 3; Fig. 3). Generally, survival and growth nominally decreased with
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Table 2 Mean pretreatment
seedling basal diameter and stem
length by species and treatment
type for both experiments

Species Treatment

Control 3-Week
flood,
flowing

5-Week
flood,
flowing

5-Week
flood,
standing

Basal diameter (mm)

Black walnut 5.4 5.6 5.4 5.5

Pecan 4.0 4.2 4.3 4.2

Bur oak 4.2 5.0 5.0 4.5

Pin oak 5.0 4.9 4.9 4.6

Swamp white oak 4.9 5.5 5.3 5.3

Cottonwood – – – –

Stem length (cm)

Black walnut 51 54 54 56

Pecan 21 22 21 21

Bur oak 30 32 34 33

Pin oak 40 38 40 36

Swamp white oak 32 33 32 32

Cottonwood – – – –

Table 3 Probability of (a) seedling survival and (b) the percentage of healthy seedlings (i.e., having no
indication of stem dieback or leaf chlorosis) at the end of the growing season

Species Treatment

Control 3-Week flood,
flowing

5-Week flood,
flowing

5-Week flood,
standing

All

(a) Survival (probability)

Black walnut 0.55 A a 0.12 AB a 0.05 B a 0.03 C a 0.11 a

Pecan 0.81 A a 0.93 A b 0.62 A b 0.64 A b 0.78 c

Bur oak 0.94 A a 0.75 A b 0.68 A b 0.56 A b 0.77 c

Pin oak 0.96 A b 0.93 A b 0.88 A b 0.87 A b 0.91 c

Swamp white oak 0.95 A b 0.90 A b 0.80 A b 0.80 A b 0.88 c

Cottonwood 0.78 A b 0.67 A b 0.47 A b 0.52 A b 0.62 b

All 0.88 A 0.76 AB 0.56 BC 0.53 C

(b) Healthy seedlings (%)

Black walnut 34 A a 13 A a 2 A a 2 A a 13 a

Pecan 61 A a 79 A b 47 A b 51 A b 60 bc

Bur oak 60 A a 50 A b 43 A b 41 A b 48 b

Pin oak 81 A b 77 A b 54 A b 65 A b 69 c

Swamp white oak 77 A a 73 A b 63 A b 66 A b 70 c

Cottonwood 73 A a 62 A b 47 A b 52 A b 58 bc

All 64 A 59 A 43 B 46 B

Differences within columns are indicated with lowercase letters and differences within rows are indicated
with uppercase letters (P \ 0.05)
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increasing flooding duration; however our analyses indicated few significant differences

among the three flood treatments. We also observed that the proportion of seedlings

exhibiting dark green foliage and no evidence of shoot dieback also decreased significantly

(P \ 0.01) with increased flood duration concomitantly with the survival probabilities

(Table 3). We anticipated that seedlings would suffer more dieback or greater mortality in

the 5-week standing water treatment because of the anoxic soil conditions. Despite evi-

dence verifying that the soil in the five-week standing treatment had a lower Eh and a

lower dissolved oxygen concentration than did the five-week flowing treatment during

flooding (Fig. 2), the overall stem growth and basal diameter growth between these

treatments were statistically similar.

Species by treatment interactions

There was considerable variation among species. Black walnut suffered the greatest

mortality and stem and basal diameter growth reductions in flooded channels (Table 3;

Figs. 4, 5). We also found that black walnut in controls maintained a relatively low

survival probability compared to other species and the foliage of a large proportion of

individual seedlings exhibited chlorosis. This most likely occurred because the soils of the

control channels became nearly saturated after rain events (Fig. 2) and also because of

seepage from adjacent channels (Van Sambeek et al. 2006). Pecan had very high survival,

but also had substantial stem dieback in all treatments (Table 3; Figs. 4, 5). Most of the

stems that died back also resprouted, producing stems shorter in length and smaller in basal
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diameter. This may not have been caused by flooding because the seedlings in the control

treatment also suffered as much dieback as those in the flooded treatments.

Eastern cottonwood maintained moderate survival and rapid growth (Table 3; Figs. 4, 5).

There were nominal but non-significant reductions in stem and basal diameter growth in the

three-week flowing and five-week flowing treatments that were not as evident in the five-

week standing water treatment. Although we cannot explain why this occurred, we observed

that this species suffered little dieback and maintained dark green foliage in all treatments,

suggesting that there were few other negative impacts of flooding on surviving plants.

Swamp white oak and pin oak seedlings maintained greater survival probability than

cottonwood, exceeding 0.80 regardless of treatment (Table 3). Moreover, swamp white

oak maintained a high growth rate that was second only to cottonwood (Figs. 4, 5). Swamp

white oak suffered very little dieback and maintained healthy and dark green foliage
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regardless of treatment (Table 3). Despite a high survival probability, pin oak had sub-

stantial basal diameter and stem length reductions with increased flooding due to stems

dying back and resprouting. Bur oak also appeared sensitive to flooding and had reductions

in survival and shoot growth in all flood treatments (Figs. 4, 5). However, these reductions

were not statistically significant and a positive basal diameter growth was maintained

regardless of treatment.

Seedling survival and growth after overwintering

During the second experiment, we compared the survival probability and stem and basal

diameter growth of each species assessed at the end of the growing season to those

evaluated in June after the tree seedlings overwintered (Table 4) to determine if the
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ranking of species would differ depending on when observations were recorded. Although

there was a slight increase observed in stem growth when determined in the spring,

survival probabilities by species were roughly similar and the ranking of species by sur-

vival or growth did not change.

Discussion

Seedling survival and growth

Our findings show both consistencies and discrepancies in seedling survival and growth

compared to published flood tolerance ratings (Table 5). There generally is good agree-

ment in the literature that black walnut is flood intolerant (Teskey and Hinckley 1977;

Whitlow and Harris 1979) and it was included in our study to serve as a sensitive indicator

of flood-induced stress. Eastern cottonwood was included because it is considered tolerant

(Whitlow and Harris 1979) to very tolerant of flooding (Teskey and Hinckley 1977), as our

findings confirm. However, the published flood tolerances of the bottomland oaks that we

examined ranged from intolerant to tolerant and no single species consistently rated as

more tolerant than the others. Our findings strongly suggested that swamp white oak is

much more tolerant to partial inundation than are the other oaks that we examined and it

appeared to survive flood treatments better than did eastern cottonwood cuttings in the year

of establishment. Other studies have shown that swamp white oak maintains high survival

and growth after partial inundation (Walsh et al. 2008) or when planted as bareroot or

container seedlings in bottomland restoration efforts on a range of soil textures and soil

drainage classes in the central USA (Kabrick et al. 2005; Steele et al. 2008; Weigel et al.

2008).

Pin oak also exhibited high survival regardless of treatment. However, it suffered sig-

nificant stem dieback with increasing flood duration. Reduced stem growth or dieback

associated with flooding has also been linked to reduced root mass and lowered root-shoot

ratios in other hardwood species, which was considered evidence of intolerance to flooding

(Tang and Kozlowski 1982; Glenz et al. 2006). Growth reductions associated with flooding

have also been attributed to reduced metabolism in the root systems because of soil anoxia

(Kozlowski 1984; Glenz et al. 2006), along with stomatal closure (Pereira and Kozlowski

1977) that results in reduced photosynthetic activity (Pezeshki et al. 1996; Kozlowski

1997). Bur oak also suffered nominal reductions in stem length and diameter, suggesting

Table 4 Comparison of survival probability when determined in autumn during the same growing season
of flood treatments versus when determined in the spring after overwintering following flooding

Survival probability Stem growth (cm)

September 2005 June 2006 September 2005 June 2006

Pin oak 0.77 A 0.76 A -9.6 A -4.8 A

Bur oak 0.67 AB 0.61 AB -4.1 A -3.0 A

Swamp white oak 0.61 ABC 0.55 AB -2.9 B 0.4 B

Pecan 0.53 BC 0.55 AB -13.7 C -7.0 A

Cottonwood 0.38 C 0.35 B 96.6 D 97.4 C

Black walnut 0.12 D 0.08 C -39.0 E No estimate

Values within columns followed by a different letter are significantly different (P \ 0.05)
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that this species was nearly as vulnerable to the deleterious effects of flooding as was pin

oak. However, bur oak growth losses were smaller in magnitude and not statistically

significant compared to the control.

Pecan is rated as weakly tolerant (Allen et al. 2004) to very tolerant (Whitlow and

Harris 1979) to flooding. Our data indicated high survival but substantial reductions in both

stem length and basal diameter; however, stem dieback and resprouting occurred in all

treatments including the control, suggesting that this was not caused by flooding. Despite

stem dieback, a large proportion of pecan seedlings generally appeared dark green and

healthy in all treatments. In contrast to our findings, Pezeshki and DeLaune (1998) reported

large reductions in biomass growth of pecan with increased duration of partially-inundated

seedlings and concluded that this indicated a relative intolerance to flooding. However, in

the study by Pezeshki and DeLaune (1998), seedlings were planted in containers and

partially inundated for up to 63 days. This allowed the soil Eh to fall below -70 mV, well

below that in our study with the native soils in the FTL (see Fig. 2). These lower Eh values

measured by Pezeshki and DeLaune (1998) may have decreased nutrient uptake and

transport and created greater plant stress than in our study. Gardiner et al. (2009) stated that

very little information has been reported about the establishment of pecan in afforestation

efforts so it is difficult to determine if our results were typical of operational responses.

However, slow juvenile growth or stem dieback may be characteristic for this species as

Krinard and Kennedy (1987), Stanturf et al. (1998), and Jacobs et al. (2012) all reported

that pecan seedlings planted in the Lower Mississippi Alluvial Valley in the south-central

USA grew more slowly in height than did other bottomland hardwood species such as

sweetgum (Liquidambar styraciflua L.), green ash (Fraxinus pennsylvanica Marsh.),

American sycamore (Platanus occidentalis L.), or eastern cottonwood.

Table 5 Published flood tolerances for the tree species evaluated in this study, illustrating the variation
among and within each species and variability in tolerance definitions among authors

Species Flood tolerance

Teskey and
Hinckley (1977)a

Whitlow and
Harris (1979)b

Allen et al. (2004),
Haynes et al. (1988)c

Black walnut Intolerant Intolerant Weakly tolerant

Pecan Intermediately tolerant Tolerant to very tolerant Weakly tolerant

Bur oak Tolerant Somewhat tolerant Intolerant

Pin oak Intermediately tolerant Tolerant Moderately tolerant

Swamp white oak Tolerant Somewhat tolerant Moderately tolerant

Eastern cottonwood Very tolerant Tolerant Weakly tolerant
to moderately tolerant

a Very tolerant: withstands flooding for two or more growing seasons; tolerant: withstands flooding for most
of one growing season; intermediately tolerant: survives flooding for 1–3 months during the growing season;
intolerant: cannot withstand flooding during the growing season
b Very tolerant: survives prolonged flooding for more than 1 year; tolerant: survives flooding for one
growing season; somewhat tolerant: survives flooding or saturated soil for 30 consecutive days during the
growing season; intolerant: unable to survive more than a few days of flooding during the growing season
c Tolerant: survives saturated or flooded soil for long periods during the growing season; moderately
tolerant: survives saturated or flooded soil for several months during the growing season; weakly tolerant:
survives saturated or flooded soil for a few days or weeks during the growing season; intolerant: unable to
survive short periods of saturated or flooded soil during the growing season
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We initially were concerned that the growth response to flooding of the recurrent-

growth or determinant-growth species including the oaks, black walnut, and pecan would

be fully expressed only in the growth flushes occurring after flood treatments or during the

next growing season. For these species, the first growth flush was likely influenced greatly

by practices in the nursery prior to planting in the FTL. However, the fact that we observed

significant treatment effects compared to the control indicates that seedling responses were

not simply carryover effects from the nursery. This was further supported by our com-

parison of survival and growth determined at the end of the same growing season and again

during the following growing season where only minor differences were observed, which

would not lead to different conclusions about species suitability for planting in flood-prone

areas. For most species, survival probabilities after overwintering and flushing were

slightly lower and the stem lengths were slightly greater. This suggests that studies where

flood response was determined during the same growing season of flooding (e.g., Pezeshki

and DeLaune 1998) or determined during the second growing season after flooding (e.g.,

Frye and Grosse 1992) yield comparable results.

Implications for bottomland forest restoration

Bottomland restoration efforts will greatly benefit from accurate information about the

species suitability for the site hydrology (McCurry et al. 2010). Although much has been

published about tree growth responses to flooding and flood tolerance of individual species,

reported inconsistencies may in part be artifacts of the experimental methods used. A

number of studies have been conducted by inundating tree seedlings planted in pots, large

tanks, or in soil that is sealed to prevent seepage (Tang and Kozlowski 1982; Frye and

Grosse 1992; Pezeshki et al. 1999; Walsh et al. 2008). However, inundation in pots or other

containers reduces soil Eh and dissolved oxygen to lower levels and much more quickly

than typically occurs in natural floodplains. For example, soil Eh derived from experiments

conducted with seedlings planted in pots were reported to be -160 mV (Pezeshki and

DeLaune 1998) or lower (Pezeshki and Chambers 1985) after only a few days of inun-

dation. In natural soils in bottomlands, wetlands, or in poorly-drained uplands, the Eh

typically remains above -100 mV or less for only a few days (Vepraskas and Faulkner

2001; Karathanasis et al. 2003; Verpraskas et al. 2004). Treatments causing more rapid

onset of or more severe level of oxygen depletion in the soil are more likely to illicit flood

stress symptoms in plants. The hypoxia limits the oxygen available to roots causing

damage that can reduce nutrient uptake and leaf growth, and increase leaf chlorosis,

leading to leaf senescence and abscission, and/or mortality (Kozlowski 1997; Glenz et al.

2006). Our data from the FTL presented here and in greater detail elsewhere (see Unger

et al. 2008) demonstrated that dissolved oxygen was never completely consumed and that

the average soil Eh remained above 0 mV during short-term (21- to 35-days), growing-

season floods (Fig. 2). This suggests that the level of hypoxia created in the FTL more

closely resembles that occurring in natural floodplains and the survival, growth rates, and

dieback that we observed are more applicable to bottomland hardwood restoration efforts.

Our findings also illustrate that the survival and growth response to flooding is complex

and a comprehensive assessment for identifying ideal species to plant in bottomland resto-

ration efforts cannot be made by considering a single metric. For example, had survival been

the only metric considered, we would have concluded that most of the species that we

examined except black walnut were suitable for planting in floodplains where 3- to 5-week

growing-season floods occur. However, the observed reductions in basal diameter and, in

particular, stem length were also important for distinguishing among species and useful for
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assessing the likelihood of long-term survival in bottomland reforestation efforts. In bot-

tomlands, planted seedlings not only have to survive flood events, but also must remain

vigorous to compete with hardwoods and herbaceous vegetation (Frye and Grosse 1992) on

rich floodplain soils where the supply of nutrients and water is seldom limiting (Dey et al.

2010). Species that survive a flood event but suffer dieback and have chlorotic foliage will be

at a competitive disadvantage compared to those that retain vigorous growth and foliage

development (Tang and Kozlowski 1982; Kozlowski 1997; Frye and Grosse 1992; Dey et al.

2004). Stem growth reductions or stem dieback induced by flooding are also associated with

root growth reductions or root mortality (Kozlowski 1997). These stem and root growth

impairments not only cause increased vulnerability to deleterious effects of competing

vegetation, but also increased vulnerability to complete inundation by future flood events

(Tang and Kozlowski 1982). This underscores the importance of evaluating seedling growth

and vigor following flooding in addition to survival as metrics defining flood tolerance.

Conclusions

The FTL offers the opportunity to examine hardwood seedling flood response where the

timing, depth, duration, and flow rate of flood water can be carefully controlled while

simulating soil conditions that better mimics those occurring in natural flood plains.

Experiments in the FTL indicated that published flood tolerance ratings were not particularly

useful for identifying suitable species for floodplain reforestation efforts. Our findings

suggested that survival following flooding may not be the best indicator of seedling suit-

ability. For most species, stem and basal diameter growth were more indicative of a species’

suitability for establishment in flood-prone areas. Stem growth was particularly useful for

distinguishing among the oak species compared to the published flood tolerance ratings.

Species that suffered stem dieback due to flooding are potentially more vulnerable to

complete inundation during subsequent flood events and to competition-induced mortality

by flood-tolerant competing vegetation during the establishment phase in bottomland res-

toration efforts. Survival probabilities and stem or basal diameter growth rankings did not

change from the end of the first growing season to the beginning of the second growing

season, indicating that conclusions about the short-term effects of flooding made at the end of

the growing season will be similar to those made after overwintering.
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