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SUMMARY

this report reviews the theoretical and practical aspects of flood
tolerance in plants, pearticulurly the native woody species of the con-
tiguous United States., The purpose is to provide a background under-
standing cf phenomena related to flooding and flood tolerance and to
summarize practical information pertinent to reservoir revegetation.

The report includes a wide variety of information previously unavailable
in an assimilated form.

Any depth and duration of flooding impose an extraordinary set of
deleterious conditions on wmost vascular piants. The most elementary
differences between well-drained aud flooded conditi ns arise in the
soil, and a1l are directly or indircetly related to the depletion of
frec vaygen.  ‘The near absence of oxygen creates a reducing environment
in the soil that favors the activities of anaerobic bucteria. These
organisms produce u variety ot organic and inorganic byproducts, many of
which are present in concentrations toxie to plants. BSome of the moi:h
physiologically damaging are ethylenc, mangonesc (Mn++), and iron (Fu*+).
Thus, a plunt living under flooded counditions may have to cope with the
gimultaneous effects of a rooting medium that is Loth anaerobic
and Loxie.

Many plants have an abiiity to survive limited periods of flooding
Lhroygh temporsry ocelimation processes, but fow arce genceticully adapted
to this condition. The causal mechanisms tor adaptation are complox and
poorly understood. There is reasonable ngreement, however, on whal is
adaplive. Tor «implicity, adaptations may be reparded as cither
andbomical or metabolic.

Anntomical aduptations include hollow stems, acrenchyma, lenbicels,
intercellular air spocoes, ond other featuren thnt focilitaboe the diffu-
sion of oxvgen from the (volatively) oxyrmen—rich shoot Lo the oxygen—
poar root. 'The plant may thereby meet ity minimal requirements Cor
maintenance energy through aerobic resplration. Tt oxygen is available
to the roots in excess of the respirvational demond, it may actually dir-

fuse oubtward into the soil, creating an oxidized rhizosphere ia the
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midst of the reduced soil environment. In this instance, the plant has

effectively avoided the conditions imposed by flooding.
Metabolic adaptations ineclude the ability to utilize anaerobic
pathways for energy production and the removal of certain anacrobic by-

products from the roots. Even though these pathweys yield far less

energy than the more normal acrobic onc(s), some plants apparently do

grow better under these conditions. Factors involved in ihis growth

probably are an ability to transfer an oxygen debt from the root to
the shoot via translocation of reduced compounds, preferential accumula-

ticn of nontoxic end products, and even the ability to transfer internul

oxygen from the shoot to the root system.

There is strong evidence that many morphclogical and anatomical

modifications are duc to changes in concentrations of certain hormone

or hormonelike compounds. Experimental research with ethylene, for

exumple, has shown that at high concentrations there is an increasc in

adventitious rooting in many plants. These are apparently more pervious

to oxygen than normal roots and hence would aid the plant during periods
of inundation. Ethylcne, under '"normal” conditions, is known to be
involved in leai abscission and epinasty, but apparently does not func-
tion in the some mannee under flood conditiouns.

The external factors of soll anacrobiosis and the production of
toxins, and the internal plant adaptations to these, ware basic to most

flooding situations., There arve a variety of wdditlional fuactors, however,

that often assume overriding importunce in determining Lhe survival of

{looded plants. Such factors include nubstrate composition, shoreline
I f ’

pradient, wave and current action, tlood depth and duratioun, Lolerances

of individual species, and ccotypic varintion wilhin species.  Because

Lhese have an immediate, practical bearing on survival, they must be
considercd in both reservoir planning and impect asscessment endeavors.
There nre two ways to encourage the development of vegetation in

reservoir drawdown zones. During the consiruction phase of a reservolr,
selective elearing below mean pool elevation may be employed to leave
flood-tolerant woody speceies.  "his technigue is of only trivial offec-

Livencas in regions of the country whero few specics are tlood bolerant
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and the frequency of tolerant plants is low.

Revegeta'ion is the second technique; this is suited to both new
and established reservoirs. Generally, the methods of planting are iden-
tical to those in common practice in forestry, agriculture, and erosion
control. The unique features of drawdown zones often require some
special modifications of technique. Barge hydroseeding, air-cushion-
cratt seed dispersal, and h-licopter seeding have been used to good
advantage in problem areas. Woody vegetation may be established from
barc root’, container, or vegetative cutting stock. It is often real-
istic to overplant since mortality is likely to be high.

Diverse literature concerning experimental and empirical studies
of flood tolerance has been collated and analyzed in this report to
yield a summary of pertinent research for ~ach of the U. S. Army Corps
of Engineers Divisions. A composite rating of plants according to their
relative flood tolerances is included for field elements within cach
Division. Because these ratings are subjcetive, they are only wpproxi-
mate. Ixtensive supplementsl duta arc included in the appendices. It
ig intended that the regional treatments be used as o handbook of
selectod plants and literature for possible use in reservoir revegeta-—

tion ef'torts.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

u. 8

verted to metric (SI) units as follows:

. customary uni*s of measurement used in this report can to con-

To Obtain

_ Multiply By

acres hohs, 856

feet 0.30k8

inches 25,4

pounds (mass) per acre 0.000112
9

square metres
metres
millimetres

kilograms per square metre

it s it b
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FLOOD TOLERANCE IN PIANTS: A STATE--OF-THE-ART REVIEW

PART I: INTRODUCTION

1. This state-of-the-art review is intended to summarize the
literature on flood-tolerunt plants with an emphasis on temperate
woody species. This approach has been adopted first because a compre-
hensive up-to-date review of flood tolerance in woody plants is lacking,
and second, woody plants have not been adequately catalogued and
assessed for their potential in reservoir revegetation efforts. Herba-~
ceous species are more adequsately covered in the recent literature
(Wentz et al. 1974) and have been included in the chapters dealing with
basic research. FElsewhere in the toxt, they are treated in proportion
to their representation in the literature pertaining to reservoir
mointenance.

2, This review may be aprroached as two separate, though depen-
dent, sections. The first addresses the conditions imposed by flooding
and the resulting physiological, anatomical, and morphological responses
occurring in plants. This treatment necessarily covers many arcas of
basic research in order to counvey an understanding of Tlood tolerance in
plants and to highlight the directions of contemporary research in this
field.

3. The second seclion is applied in its emphasis. Included are
discussions of factors that may be measured and nssessed in Lhe Tield to
aid in impact prediction and fucilitate the desip: and management of
artificial bodies of water. An approach Lo impact assessment thal in-
tegrates these factors is discussed along with the limitations of
current knowledge in this area.

bh. 'Techniques for establishing and maintaining vegetation along
the shores of reservoirs and canals are discussed .n a general rashion,
The limited amount of research in this area is reflected in the small

5. The status ol research with practical applications is

2.0
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assessed for the ten U. S. Army Corps of Engineers Divisions. Plant-

tolerance lists also are provided for each Division. Narrative sum-

maries of research have been deliberately avoided because such treat-

ments are available in several contemporary literature reviews. Instead,

research has been summarized on a species-by-species basis for each

Corps Division. This summary is included as several appendices. Fach

is designed to be used as a handbook in conjunction with the tolerance
lints ~rovided in the text. This review circumscribes a large body of
research on diverse topics. It is hoped that it will serve as a cata~
lyst for future research, both basic and applied, in addition to pro-
viding tools for practical problem solving.

6, Scientific and commen nomenclature follow the vwsage of the

individual authors in most instances. Where there was reason to suspect

that nomenclature was inaccurate, it was reconciled with the binomial

used in either Gray's Manual of Botany (Fernald 1970), Manual of Culti-

vated Plants (Bailey 1949), A Califlornia Flora {Munz 1963), or Composite

List ot Weeds (Weed Soc. of America 1971). Often there are different

common names for s single species that enjoy regional popularity. The
authors hope that the inclusion of only one common nume for each species
will not confuse those familiar with a plant by a different common name.
The inconsistency of common names makes the use of scientific nam-s
imperative Tor accurate identification. One exception is the use of

common names for crop (vegetable) species, which arc not applicable to

reservoir revegetatlion.
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PART II: THECRFETICAT, CONSTDERATIONS OF FLOOD TOLERANCE IN PLANTS

Changes in Soils Resulting from Flooding

7. An understanding of flood tolerance in plants is facilitated
by knowledge of the changes occurring in soils when they are flooded.
The most basic change is the elimination of free oxygzen available for
chemical and biological processes.

8. Under aerobic conditions, soil micrecorganisms obtain energy
through the breakdown of organic molecules via respiration pathways re-
quiring oxygen (02). Flooding a soil drastically reduces the rate of
02 diffusion into the soil pores and, with aerobic respiration systems
intact, soil oxygen is rapidly depleted. 8Slow diffusion rates prevent
the replenishment of O2 in the soill and the net result is an anaerobic
condition. The diffusion coelficients of gases in so0il are a function
of soil particle geometry and the soil moisture content (Currie 1961).
Surface soils are compused of between 35 and 60 percent pore space
(Buckman and Brady 1969). These pores are Tilled with complementary
proportions of air and water (Bradford et al. 1934). When a soil is
flooded, ncarly all the pore space is filled with water and little, if
any, is occupied by air. Gill (1970) iists four results of flooding
that occur in soils: exclusion of oxygen from roots, carbon dioxide
(COp) sccumulation, production of toxins, and anaerobic conditions
aro&nd the root. All of these changes are related directly or indirectly
to the changes in gas diffusion characteristics resulting {rom the pores
being filled with water insctead of air. Oxygen diffusers at a rate
10,000 times slower in water than air (Lemon and Kristenser 1960,
Greenwood 1961), and Buckingham (1904) showed that diffusion in soil
decreases as the moisture content increases. 'he difference hetween
oxygen diffusion rates and the demand for oxygen by soil organisms makes
it apparent that anaserobic conditions will preveil in soils vwhen they
are tlooded. Due to activity of microorgunisms, mout free oxygen in a
s0il will be ecxhausted within a few hours of' submergence (Ponnamperums

1972).  Soil texture und moisture content will have some effects on the

12
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concentration of oxygen in the soil. Diftusion coefficients for hydrogen
gne in a physical model of wet soll were shown to be a function of at
least the tollowing five variables: total porosity, crumb porosity,
crumb shape, the shape of the particles forming the crumbs, and moisture
content of the medium (Currie 1961)., Coarse soils, with low organic
matter, have relutively high oxygen curcentrations in soil solution
(Zobell 1946). CGenerally, however, a sharp drop in oxygen concentration
with increasing scil depth is expected in submerged soils.

G. The amount of dissolved oxygen in the water interfacing with
a flooded soil will also affect the concentration of oxygen in the soil
(Ponnamperuma 1972). Factors such as water movement, depth of flooding,
biological activity, and temperature have all been sugpested as deter-
minants of oxygen concentrations in these soils (Brink 1954, Hosner
1960). Studies demonstrating the roles of these factors under natural
conditions are scarce. Good correlations huve been established between
low soil oxyren (cusentially zero) and stagnant surface water (Armstrong
and Boatman 1967), The decroase in available oxygen found in most
flooded soils is regarded by many workers as being the most basic cause
of flood-induced injury to plents.

10. Verelennikov (L1964) observed that calculated values for
dissolved oxygen in water were 5 to 11 times higher than the dissolved
oxygen in soil water at the same temperature and pressure, He ulso
demonstrated that the oxygen diffusion rate was 0.5 mg/hr/100 cmg of’
surface area in saturated soils. Countrolled experiments have been per-
formed to assess the effecls of various soll characteristics on oxygen
depletion upon tlooding. Scott and Bvuns (1.955) provided a notable
example of how rapidly oxygen is depleted in saturated soils. Using
four air-dried soils they measured changes in oxygen content when the
501lls werce water saturated. Desplte differences in organic matter
content among the soils, the oxygen depletion curves were very similar.
With cach of the four soils, oxymen concentration dropped to zero after
0 to 10 hr. They determined that dissolved oxygen decreased to 0,01
of the original valuce alfter approximately 75 min. (It should be noted

that air drying soils accentusies the rate of oxygen depletion, )

13
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J1l. Flooding a soil results in a sequential replacement of soil
orgnnisms. Obligate aerobic microorganisms rupidly go dormant or die,
yielding to facultative and obligate anaerobes (Takeda and Furusaka
1970). The switch to complete anaerobic respiration in the soil occurs
at a molar oxyg:n concentration of 3 x 10_6 (Ponnamperuma 197°).
Anaerobes are capable of using compounds other then OP as the final
electron acceptor. Anaerobic bacteria use No;, Mn+h, Fe+j, SOEZ,
organic dissimilation products, COs, N,, and HY as electron acceptors.
These clectron aceepbtors nre reduced to lower oxidation or valence
states during respiration., Pounamperuma (1972) discusses the main redox
systems operating in submerged soils and chemical equations for each
system. A significant corollary of anaerobiosis is the reduction of
many compounds found in the soil and the accumulation of reduced prod-
uets (Gillespie 1970). Ponnamperuma (1972) considers the primary
chemical difference between s submerged and well-drained soil to be the
reduced state f the submerged soil. Three characteristics are indica-
tive of a redived state: a g ay-green color, low reduction potential,
and the reduced torms of o variety of compounds including NGO, SOKE,
Mn+h, Fe+j, and COP (Ponnamperumn. 1972). 'The scquence of reduction of
various compounds iu the s0il rouvghly follows the theoretical sequence
determined by thelir reduction potentials. IBmpirical verification muy be
found in the observation of the verticul stratification of clements in
various redox states in eutrophic lnkes and in the succession of aerobic
to faculiative and oblipgabte agaerobie microorganisms found when a soil
is firct saturated.

12, 'The switch to nnnercbic pathways is nccompunied by a change
in metubolic end products os well. Anancrobic and acrobic respiration
pathways arc similur up to the point where pyruvate is syunthesized just
prior Lo entry into the Krebs cycle.  Under aserobie conditions, pyruvotoe

is degraded to CO, and water via the Krehs cycle, Under anacrobic con-

P

ditions, pyruvate is degraded to CO?

(acetic, formic, propiomic, butyric, lactic, valeric, and succinic

, ethyl ulcvohul, orpanic acids

uuid), and orpanic gases (methane, ethane, propane, n- and isobutanc,

clhylene, propylene, and butene=1) {(Russell 1973 Noggle and Fritz 1976).
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One of the first workurs to recognize the accumulation of CO, in the
soil was Clements (1921), Other workers (Bergman 1920, Zimmérman 1930,
Childers -nd Whitc 1942, Yelcnosky 196L4) uscribed this increase in COp
to decomposing organic matter. Of the organic acids formed, the major
ones are acetic, formic, propionie, and butyric. These generally peak
at 10 to 10 umoles* per litre within & period of ? weeks of flooding and
then gradually decline, During this period they may rciach concentra-
tions toxic to rice, and soil pH may drop below 6.0, but these condi-
tions are unlikely except in soils high in orgunic matter (Ponnamperiuma
1972). Methane (CHH) is produced by a specialized group of obligate
anaercbic bacteria (Ponnamperuma 1972). These are substrate specific
and utilize only a . wall number of organic and inorganic compounds aris-—
ing from fermentation, The activity of these bacteria results in un
almost complete breakdown of the low molecular weight fatty acids and
ethanol to carbon dioxide and methane (iitadtman 1967).

13. Soil bacteria utilize a variety of compounds as electron
sinks and 1hey may be ordered according to their redox potential (Eh),
which retlecus the dvgree of reduction present in a saturated soil, 'Uhe

following tabulntion presents such un ordering:

Redox. Potential, mV, 25°C

. React ion PH 5.0 H 7.0
0, + hy" o+ he” = 2H,0 930 820
N0 + o’ + 2e” = N, + 10 530 420
MnoO, + mrt 4+ 2¢” = Mot 4 w0 640 h10
1-1:(‘011)_: bt e = v 1,0 170 180
soi‘q' +‘i1r0HJr + 87 =13+ hunor ~70 ~200
(0, + I+ Be™ = Cr, + 21,0 -120 -240
207 4 e = i, -295 -413

The higher the redox potential, the more c¢lectrons required to bring
about » unit reduction in k¥h. Because the soll contains a mixture of

compounds with dit'terent redox potentials, net all compounds will be

) : . Lo=b
¥  pmole or micromole = 1 % 10 moles.
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cxert an inhibitory effect on the complete reduction of a flooded soil.

reduced at the same time; NOé, MO H+, and SOEQ cnn thusn
Depending on the mixture cf substances in a soil, it is said to be
"poised" at a characteristic redox potential (Russell 1973).

ik, The advent of reducing conditions in a flooded soil in
puralleled by a drop in Eh. Upon submerging an aerobic soil, Eh reaches
a minimum within a few days and then gradually increases to a peak.

"This is followed by ar asymptotic decrease to a level characteristic of
a specific scil. The presence of reudily decomposed organic matter
sharpens and hastens the achievement of the first minimum (Ponnumperuma
1955, Yamane and Sato 1968). The initial decrease in Fh is duc to the
release of reducing substances¥* that accompanies oxygen dopletion before
the Mn+h und Fu+3 butfering systems are fully activated (Yamane and

Sato 1968, Ponnamperume 1972). 'The presence of high levels of nitrate
postpone the anchicvement of a negative Eh, This is due to inhibition by
netrite of redox reactions lower on the thermodynamic sculce of oxidation-
reduction reactions (see preceding tabulation). Low organic mulbter
content or high Mn++ results din o high ¥h, This has been shown Lo occur
for as long ws 6 months. Temperatures both above and below 25°C also
returd o decreaso in Eh (Ponnumperume 1972). Jones wund Ktherington
(1970) round that Eh in waterlogged sluck®¥ gands was lower thon that of
dune sands and aceribed this difference to the higher organic matter
content in the slack soils.

15. Accompanying the decrense in Bh 1s a slight decrease in pH
within the first few days of tvlooding (Ponnumperumu 1972). "his is
followed by an asymptotic rise Lo w sbable value boetween 6.7 wnd 7.2
within a fow weeks (Motomurn 1962, Pormampoeruma 1965).  The nel effect
of flooding the soil i Lo increwse vhe pll of an acid soil and decreuse
the pll of an alkaline soil. In soils high in organic matbter and
reducible iron, pH stubilizes al 6.5 within a few weeks, while in acid

soils with low organic matier or those with iron in an inactive form,

* A reducing csubstance in one that donubes electrons Lo another in an
oxidutlon reduetion reaction,
¥% A "ilack" iu derined by the authors ag "the hollows betwoeoen dunes,'
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pH stubilizes more graduslly at less than 6.5 (Ponnamperuma 1972). The
first deercase ia pll is caused by an accumulation of COE produced by
aerobic bacter n. The following increase in pH is due to the reduction
of the soil moinly caused hy the formation of forrous iron (Mocomura
1962, Ponnamperume et al. 1.966).

16. McKee (1970) investipated the offects of a nogquence of
wetting and drying of an acid flatwoods scil from the Gulf Coastal Plain
to determine the effects of pH. He found thet subwergence for 60 con-
secutive days caused pH to approach neutrality. The ¥h decrecused ap-
proximately 500 mV during this period. Subsequent drylng of the soils
decreased pH, while submergence decreused the level of exchangeable
aluminum, calcivm, and magnesiwum, probibly through changes in pH., McKee
concluded the changes resultiing from submergence could be corrected or
remedied only very slowly upon rodrying.

17. The equilibria of hydroxide, sulfate, phosphete, and silicate
arc affected by the pH 2f the solution. In turn these cquilibria con-
trol the solubilities of various solids, ion exchappe, md the concen-

+2

+ ) ) N
tration of Al 3, Fe 7, H,5, and H,,CO The indireet cffceel of chuangeu

3
in pli, particularly with respect to sluminum and iron, arc capecially
importent in rice culture duc to the toxicity of these lons. Yor
example, changing rom pH 6.5 to 7.5 cnn change the coucentration of
Fe“2 from 350 to 3.9 ppm. The lower concentration is inadequatc while
the upper is toxice to rice, Similarly, at a pH of 3.%, the concentrn-
Lion of A1+3 on some paddy soils s 69 ppm (Loxic to rice) while al u
pH of 1.5 it is 1 ppm (nontoxic) (Punnamperums 1972). Toxicitics of
these ecotions will, of couwrne, vory firom upuuiu: Lo speeiou.

L0, It rollows thal 1 lon concentrations chaage, then speeific
conductance will also change when a soil is flooded.  OSpecitic condue-
Lance i o {function of the balance of chemical reactions that produce
or inactivate various ions, Upon flooding, specific conductance ot n
deerease and pradusl stubilizabion after 16 wocks Lo w value that is
charncteristiec of the speelfic soil (Ponnumperuma 1970),  Ponnamperums

[l

. +
“ and Mn

.
a2

. - . . - - 1 | v 1 +
(1972) attributes the initial dincreasc to the releuse of Me

A
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from }"Q..j and Mn y hydroxidesy the sccumilation of NIIu, HCO,, and RCOO

Lhe dissolution of CuCO3 by CO, and crganic acids; and the displacement

of cations thom exchange sites on soil colloids,

19, Nitrogen also undergoes o complex series of changes when the

NO..

s0il is flooded. Under acrobic conditicons nitrogen occurs as N s
o

(2’
and NO;. In the seguence of rvespirution, nitrogen from organic mutter
is present as proteins that are broken down to amine acids, which are
furthcr broken down to Ni?;. Tn the presence of 02‘ 'NUI could be
oxidized to NOE and NOS depending on the Eh, pH, und tempersture of the
asyntem.  Under anwerobic conditions the breakdown process stops at
ammonia, which will accumulate under flooded conditions.

20, Ammonification of proteins is accomplished by anucrobic

bucteria in tlooded soils (Ponnamperuma 1972). The rote is temperature
dependent, with high temperuturces glving rapid production of ammonia.
He also reports that nearly all mineralizable nitrogon in o soll 1 cone
verted to wnmondia within 2 weeks of submerpence i the tomperoture in
fuvorable and if Lhe soil is not strongly acid or deficicnt in phospho-
rui.  Decompogition of umino acids in anscrobic soil Leads to the re-
lense of B0 percent 'of the N present in the amino ncide as cwmmonia
within 20 doys (Greenwood and Lees 1960),

21, Denitrification is the biochumical reduction of NOT and

3
NO_, to N, 0 and N, gas. [n the soil, denitrificution results in o lous
& 2 o

of nitrogen to the atmousphere.  Denitrifiention occeurs only al. low
oxygen concentrations and is accomplished by bacterio and fungi that
tunction as facultative annerobes (Skerman and MuocRoc 1957, Turner and
Palrick 1968, Buckman and Hrady 1969, Painter 1971, Ponnamperume 19707,
Russell 19¢3).  (These orpganisms reguice 11+ Lo rodoce N()T; and carbon and
nmmonia o produce ney colls. ) Bocanee Lhese praw materinls o o derived
from orpanie mptter) vitrogen loss may be more severce in solls hiph in
decompusablic orpanic mabbor (Prtrick and Wyt l‘)(ih, lonnamperima 1972).
The presence of orgunic mattor may not nlwnys resullt in greater denitri-
rieation. Reddy and Patrick (1L975), ror exsmple, tound that the addi-
Lion of rice straw amobil ized saamond am (NH:), thereby Liniting the

tbolbal N loso.




22, Alternate wetting and drying of the soil has been shown to
increase nitrogen losses (Patrick and Wyatt 196%, Reddy and Yutrick
1975). This resulted from the crestion of an amerobie surfuce luyer
during the drying cycle in which NHZ may be biologically oxidized to
NO;. This nitrate thea diffuses into the auaerobic subsurfoce soll
Whérc denitrification occurs (Patrick and Gotoh 197h).

23. Nitrogen nlso enters the soll from the atmosphere through the
procesy of nitrogen ixation. Through this process atmospherice N2 is
couaverted to ammonia. Nitrogen fixation vccurs largely through the
activities o “he blue-green vlgue and vuarious bacteria. It a tlooded
soil contains large populations of these orgenisms, nitrogen fixation
can be enhanced.

2h. A pronounced incrcase in the concentration of wnter-soluble
phosphorus (P) is observed when o soil Is flooded [Ponnumperuma 1972).
In acid woils (pH < 6,6) thic increase is attributed to the hydrolyuis

+3 +3 . . : .
ot Fe and Al phosphiates, the release of I’ from anion exchunge sites

on elay and hydrovn oxides ol Fc+{ and Al+3, and the reduction of W0+}

Loy e e with the concouwibunt release oit both bonded and adsorbed I, In
alkaline (pH > f.3) soils flooding decreases the pll, thercby iucrcasing
the solubility ot hydroxyapatite (Cu]O(POh)G(OH)p) (Ponnamperuma 1972},

5. Manganic (Mn+h) oxides uré converted to mangunous (Mn+2)
oxides in reducing solls.  This s both a biological and chemical
procesy and regults in increased concentratious of soluble manganese.
Within 3 weeks ol Mooding, most of' the manganese is in the reduced Mn+2
form {Ponpamperuma L979) .

26.  'he reduced dron and monpgancsce Lormed in Clooded soi s com-—
pete tor enbion exchange siton on elay minerals.  Onosodls with Low
cubion cxchanpe capucity, 'l"uH) and Mu-HJ may displace exchungoeablo
pobnssium (K#), resulling in higher k¥ concentrations in the soil
solution (IRRL LY63, Jones LYH). Petassium and other basic cations
may be disploced o this manner and may be carried away by wabtor move-
meut in the socd,  Mhis results in nubrient depletion wnd aciditicention

of Lhe noil. Brinkmao (1977) has degeribod this procens in his

Corrolysis model o soil Cormution under o repime of sceosonal imadat ion,

19
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27. According to Ponnamperuma (1972), concentrations of silica
in the soil inereane slipghtly after tlooding, then gradually dec ease to
Levels lower thun before flcoding. This phenomenon is thought to bhe due

+: et .
jOII sorbing silice and the action of carbon

to the reduction of le
dioxide on aluminum silicates.

28, Ponnamperumsa (1972) speculates that the reduction of Fe(OH)j
and Mn(OH)h should inerease the solubility of Co, Cu, and Zn. The
inerease of pH in acid soils and formation of sultides should decreuse
the solubility of these elements. The net result is an inercase in the
availability of Co, Cu, and Mo, and a decrease in the availability of
n {Mitchell 1964, Adams and Honeyset 1964, Jenne 1908, IRRI 1970).

P9, In summary, flooding of o soil ropidly cestebliches reducing
conditluns characterized by an absence of discolved 02, reduced forms of

cations, clevated concentrutions of CO,, and shifts in Eh and pH that

21
aftect both the absolute umounts and availability of nutrient:s., Addi-
tionally, orpanic acidns and pases are produced by poil anacrohesn,

T'hese changes create a ustress enviromment around the roots that provokes
o range of responses in plauts inhabiting flooded soila.  These re-

sponsies are addressed in the following scetion.

Plant Responses Lo Flooding

30. The conpideration of plunt responses to flooding is confus-—
ing becausce the responses are numerous and simultaneous. Home are
dircet, i.e., resulting from exbernul fucltors arising in the soil and
wanter, while others arce indirvect, arising from changes in the plant
responding to the direcl factors. Dircet and indirect factors are not
usually independent and thus frustrate attempts to idenlify causal
mechanisma.  Further, it in often difficolt to distinguich on inJury
from an ndaptntion.  Wor cxample, Mclherson (1939) reports the death
and collapse of root cells in corn (%ea mays) grown in unaerated culture.
This apparent inJury may have some adaptive value, howevoer, because
(1) it deereases the amounl of tissue that must be maintained nt low

oxyroen concentratlon: and (p) the rosullting alr spaces moy cunhoncee the

20
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rate of oxygen diffusion frum the shoot to the root (Cannon 1932,
Glasstone 1942, Irumer 1951). Lastly, there is surprisingly little
verification of injuries caused by specific flood-induced conditions.

Much of the early literuturce must be regarded as anecdotal because

experimental design left room for confounding factors. Recent research
often fails to consider enough factors simultancously to arrive at a
complete picture of the nature of flood injuries,

31, 'The discussion thus tur has focused on changes in the soil
system induced by flooding. “The bilological und chemical characteristics
of flooded soils have a profound influence on higher olants,  Table 1
summarizen the conspicuous plant responses to flooding.

32. The historical development of the understanding of flood-
induced injury to plants began in the early 1900's with work by a number
of Mwopenn investigators. (No attempt is mmde to document the complete
history of regeuarch in this area. The interested reader is dirccted to
Kramer (1951) wnd Bergman (1959).) kurly writers stressed the impor-
tance of pood soil aeration and attributed injury to low Op concentra-
tions in saturated soils.  While much of their inductive c#planution ot
observed symptoms has been verified by subsequent research, they were
ignorunl. of mechanisms involving hormones and metabolism. Accordingly,
their hypotheses are optimistically simple. More refined hypotheses had
to await theoretical and methedolopical advances in the rields of bhio-
chemislry and plant physiology. Tndead, the testing of apeeilic
hypotheses on the nature of flood injJury i o rolatively recent

dovelopment.

I, A contionary nobe i well taken ab Chis point.  Rescorch dinto
tlood injury snd tolerance has been replete with idenlistic hypoihoescou.
However, many hypotheses have been substantiated and bthis has led to o

rich diversification of rescarch erforts, sometimes at the expense of

integration of dideas. Kramer (L951) recognized the complex nature of

filood inJury. It ig believed that both injury and tolerauce ave af- p
Footed by many diveet and indirecet toctors that interact to yield o t
purticular set of plant charuetoristics.  With this cuubion in mind, g
the rollowing analysis is presentoed. 3
;

;
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Table 1

Plant Responses to Flooding

e . Response

Leaf wilting

Leaf chlorosia

Decreased leaf size
Increased leaf size
Leaf thickening

Epinasty of leaf and petiole

Leaf chlorophyll breakdown

Leal” abscission

Anthocyanin in leaves
Petiole reorientation

Decercased shoot growth

Stem hypertrophy
Decrcased internode Length

Iypertrophied lenbicels

Citation

——

Bergman 1920, Heinicke 1932, Marth
and Gardencr 1639, Curtis 1949,
Parker 1949, Shanks and Laurie 1949,
Kramer and Jackson 1954, McAlpine
1961, Dickson et al. 1965, Hook 1970

Heinicke 1932, Marth and Gardener
1939, Shanks and Laurie 1949, Kromer
1951, Borpman 1959, McAlpine 1961,
Yelenosky 196k, Wample and Reid 1975
Heinicke 1932, Lindsey et al., 1961
Bergman 1920

Hook 1968, Hook ot al. 1G971b

Kramer 1951, Jackson 1955, Railton
and Reid 1973, Kawase 1974, Wample
and Reid 1975

Kawase 197h

Parker 1949, Yelenosky 196L, Hook
1968, Hook et al. 1971lb

Parker 1949, Hook 1968, 1970

Kramer, 1951

Bergman 1920, Marth and Gardener
1939, Seeley 1949, MeDermott 195k,
Houner 1960, Hook 19068, Kenuedy 1970,
Moims 1973, Toucks and Keen 1973,
Wampl.e and Reid 1975

Kramer 1951, Hook 1968, Kowasc 19Th
MeDermott 1954

Hahn et al. 1920, Zimmerman 1930,
Hook 1968

(Continued)
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Table 1 {Continued)

Response

Citation

Spindly shoots
Flower abscission
Death of original roots with and

without new roots developing
close to surface

Decreased root growth

Adventitious rooting

Production of o larger rool system
Increased length of latecal roots
Decreased number of root hairs

Discoloration of roots

Increased root diameter
Decreased nutrient uptake

Decrcased water uptake

Development of aerenchyma
Poor fruit set

Corky fruit

Heinicke 1932
Osltamp and Batler 1932

Bergman 1920, Cannon and Free 1920,
Oskemp and Batjer 1932, Kramer 1933,
Parker 1949, Seeley 1949, Hunt 1951,
Veretennikov 1959 and 1964, Hosner
and Boyce 1962, Hook 1968, Hook

et al, 1971b

Bergman 1920, Cannon and Free 1970,
Heinicke 1932, Marth and Gardener
1939, Curtis 1949, Schramm 1950,
Williamson 1968

Zimmerman 1930, Kramer 1991, Hall
and Smith 1ly,., Veretennikov 1959,
Hosner and Boyce 1962, Yelenosky
1964, Hook 1968, Reid and Crozier
1971, Hook et al., 1971lb, Kawase
197h

Bergman 1920

Schramm 1950

Snow 1904k, Weaver and Himmell 1930

Heinicke 1932, Curtis 1949, Schramm
1950

Cochran 1972
Yelenosky 196k

Marth and Gurdener 1939, Kromer )
1951, Williamson and Splinter 1968

Bryant 1934, Schramm 1950
Heinicke 1932

Heinicke, et al. 1940

(Continued)
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Table 1 (Concluded)

Response

Citation

Fruit abscission

Decreased transpiration

Excretion of orgunic compounds
by roots

Haas 1936

Iivingston and Free 1917, Bergman
1920, Heinicke 1932, Childs 1941,
Childers and White 1942, Ceughey
1945, Loustalot 1945, Parker 1949,
Kramer 1951

Grinevs 1962

(Sheet 3 of 3)
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Direct sourcesg of injury

34k, Low 0o concentration. Anasercbic conditions, or snoxin, re-

sult from the depletion of available 02 in the soil through acrobic
respiration coupled with a reduction in gaseous diffusion rates.

35. The adverse effects of poor soil aeration on plants have long
been hypothesized and demonstrated to varying degrees (Livingston and
Free 1917, Bergman 1920, Cannon and Free 1620, Cannon 1925, Beardslcy
and Cannon 1930, Zimmerman 1930, lleinicke 1932, Hass 1936, Marth and
Gardener 1939, Loustalot 1945). Virtually all of the visible symptoms
associated with flooding have been ascribed to poor aeration. Soil an-
aerobiosis is probably the most basic cause of observed flooding injury,
althoush secondary plant responses mediale some symptoms. Bergman (1959)
attributed the death of the root system in oxygen-deficient soil to in-
hibition of respiration, which reduccs energy available for maintenancc
and growth. Kramer (1951) presentcd o scenorio thal is o comprehensive
model of tlood injury. According to Kramer, flooding causes u reduction
in waler uptake by the root system followed by wilting of shools and
leaves, chlorosis and death of the lowest leaves, epinasty ot middle
leaves, and adventitious rooting. The rapid production of adventitious
rools decreases the degree of injJury and facilitutes postilooding re-
covery in some plants., Kramer's model is based on research with tomato,
but his observations srce cousistent with findings Tor many woody and
herbaceons species.  Yoelenosky (l96h), for cxumple, used several trco
species and observed decreased transpiration rater . incrcased leal wator
deficits (where leat woter loss excoeds. supply), and adventitious root-
ing. DeWit (1969) reound that deoxygennted culture resulls in decrensed
polysuccharide contents in barley rools and speculated bLhat the formation
ol cell walls ig inhibited at low oxygen concentrations. Uhis model 1o
useful, too, in that it supports the motubolic and anawtomical adaptation:
that have becn demonstrated more recently. Kramer (1951) suggested that
accumulation of guxin and the cessation of downwurd hranslocation of car-
bohydrates result in stem hypertrophy and adventitious rooting. Actual
moechaniom: of reopouse will be discussed lauter.

36, Tt chould be borne in mind that difTerent ploenls will




menifest different responses to low oxygen concentrations arvound the
roots., Schramm (1950), for example, found that outs and br-ley grown in
nenaerated solution culture developed longer roots than elther the con-
trol or the forced aeration treatments. In contrast, tomato and corn
had the shortest root systems in the nonaerated culture. Woody species,
too, show differing responsen to root onoxio. In a codpurison of tulip
tree (Liriodendron tulipifera), sugar maple {A:er saccharum), white oak
(Quercus alba), honey-locust (Gleditsia triacanthos), and Awerican elm

(Ulmus americana), only American elm developed adventitious roots
(Yelenoshky L964),

3T. Accumulation of COn. Next to lowered 0, concentration:, the

accumulation of toxic levels of 002 around the roots is the most ol

served and boest documented adverse effect of soil saturation. Much of
the work bas involved varying proportions of CO2 and 02 in an effort to
determine compensating oftacts. Kuight (1924) tound that 002 concenbra—
tions of up te 15 percent did not aifect corn after the soil had becen
fumigated for % days with various concentrations of 002. Pure COP’ how-
ever, cousud wiliing in P days. COnonon (1925) concluded that oruﬁges
Jire highly tolerunt of COE because some root growth wos maintained oven

Jaen 1uots were gassed with 21,8 percent 00?, 1.3 percent 0., and
76¢.. percent N, or 75 percent 002 and 25 percent 0,. In contrast,
.

Girton (192() found that root clongation was suppressed with 37 to

Y5 perceent CO, ceven with O, concentrutions ot L'f to 20 percent.
2

2
48,  Chitds {19h1) concluded that low O? concentration, not CUP
concentration, had an overrviding effect in decreasing Lranspiration and
photosynthesis in apples. Viamis and Davis (19hh) Tound that pussing
COQ tbhrough o nutrient solution in which rice, barley, und tomato were
grdwiuﬁ caused an immedinbe cescation of growth with councomitunt wilt-
ing. Bavley vas especially suscepbible as growth covld be stopped with
20 to 30 percent partial prescsure of CO, cven though the remainder of
the gas mixture wus Op' Stolwijk and Thiman (1907) identitied oats and
burley as being more tolerant orl CO? than pea, bean, sunflower
(Hcliapppgieuunuugg and broadbean.  The tolerant plants contiinued root
growth until (J();, concentration excoeded 6.9 percent, while 1 percenl €O,

‘
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was sufticient to retord the latter group. Williamson (1968), too,
forud that broadbesn was sensltive to 002, thou-h not particularly
sensitive to low 02 concentration.

39. Harris and Van Bavel (1957) generalized from past research
and stated that in the absence of COQ, O2 concentration would have fo
drop below 2 percent ‘or deficiency symptoms to appear. The introduc-
tion of COP was found to aggravate the effects of anoxiu, but as long

as O, concentration was greater than 10 percent, CO_, toxicity could be

avoiaed. They turther gqualify this generality by adding that the CO,
concentration cannot be greater than the 02 concentration. Cessatio;
of elongation by elther roots or shoots wes the usual criterion for
wssessing injury. Harris and Van Bavel t'ound that leoaf elongation
dropped sharply when 002 concentration exceeded 02 concentretion., It
should be recognized that the authors did not control for other factors
that could affceet leaf elongation.

40. In addition to reducing plant growth, CO,, in the soil
atmospherce has been ishown to result in lurger diumc%er roots and a
suppresaion of root respiration (Shunks ond Laurie 1949). Caughey
(1945) hns shown that Lrunspiretion, tou, I affected by O, around the
roots. Inkberry (ILlex pglobra), wuxmyrtle (Myrien cerifera) sweet pepper-
bush (Clethra alnifolin), and white oak (Quercus alba) all showed de-

crevses in transpiration by 50 to TQ percent after 1 day ol exposure
to COQ—suturuted soil.

h1. Nutrient uptske also is affected by abnormally high COP col~
contration sround the roots. Viamis and Davis (1940) wore ahie Loy
demonstrate decerecaned potassium uptake in bourley and tomuto but not in
rice whoen planis were prown in 0.005 M Kir solutions satursted with CO, .
In o comprehen:ive study by Chang and Loomio (194%) wibth wheat, corn,
and rice, bubbling C();J throurh nutrient solutions for 10 min/hr for
360 hr decrceased bhe u;uumulutinn of elements in {the plant ticdues in the
order K>N>P>Ca>Mp.  More recently, Grable (1966) found that concentra-
tion of CO,, in excusys ol 20 pereent caused cblorosis and deeressed ion

P2

uplake in corn and goybean.

e, It odie npparvent Lfrom Lhiy briel treatmeunt that high co,,

o




concentrations, like low 02 concentrations, atfect a variety of plant
functions, beginning with respiration on the most basic level, and then
directly or indirectly sltcring nutricnt uptake and growth. The actual
mechanisms of the various injuries are poorly understood.

43. Production of organic acids. It will be recalled that

anaerobic respirution of carbohydrate-rich organic matter results in

the productivn of a variety of fabtty and hydroxy acidc (Russell 1973) by
anaerobic bucteria. While many of these acids are toxic to plants,
little work has been done to determine the actual toxic concentration
and whether these concentrations are reached under field conditions.
Nevertlieless, it appears thut field concentrations of some organic acids
muy approach 10-2 M for severnl wocke after flouding (Russell 1973),

aund this could be sufficient to reduce or stop root growth. Russell
(1973), for example, statcs that butyrie acid is toxie in concentration:
of 107" M while acctic acid is toxic in concentrations of l()"2 M. Waong
et al, (1967) cite the work of Boerner (1956) in which p-coumuric und
p-hydroxybenzoic ncid suppressed root elongation in rye and wheat, while
stimulating root growth in barley. These same workers found that formic,
propionle, uecetic, and n~veleric acids in nutrient solution depressed top
growth in sugar cane in concentrations of b x lOJL N.* lso- and normal
butyric acids were more toxic, deprecusing growth ut 1 x lU—h N concen-
trations. ODurprisingly, 1 x l()—)'l N concentrutions of lactic, mulic, and
sinceinic aclds promoted top growth in cugar cane by up Lo ‘71 pereent
over the controls (Wung et al. 1967). [L is appurent thal under condi-
tions where soily are high din organic muatter, concentrabions ol orguanic
ncids may aridse under flooded conditions Ghot arfect the prowtbh response
of plants.

WM. Methanc and cthylenc.  Along with ”OP’ methane 19 o nwjor cud
product of respiration by obligate anascrobeu in'thu soill after the Tirst
few days of flooding (Popnomperumn 1972, Rusueil 1973).  Melhane cun
contimue o bhe produced for o lung period of time by speeinlized

*

N, or vormulibty, is defined as the number of gram—cquivalents o
solute disusolved in L % of solution. A pram—cquivelent

i mmericnlly
cqual to the gram-ntomic weipht off a compound divid.d

by itn valuanceo.
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anaerobic bacteria that reduce fatty ncids, hydroxy veids, cellulose,
ethunol, and €O, (Ponnamperums 1972, Russell 1973). Despite early

reports of growth reductions in tomato and barley resulting from methane

bubble« around the rocots (Vlamis and Davis 1944), recent research has
demonstrated the noninjurioun pature of methone (Yolenoshy 106h).

45, FEthylene is another low moleculnr weight hydrocarbon pre-
duced by bacteria in anseroblc soils. Ethylene can persist due to its

low golubility in water. Of all the organic gases produced, only

ethylene has a pronounced vffect on plant growth. Russell (1973)

reports that root growth in tomato, tobacco, barley, and rye was de-
creased when ethylene in concentration of 1 ppm was supplied to the

roots.  Measurement of othylene concentration in poorly drained clay in

t'ields has shown that concentrutions cun rewaclh wnd cvxceed this level for
up to 2 months per year (Dowdell et al. 1972). While this may be n
significant factor controlling plant growth on some goils, the mujor
influcnce is probably ethylene produced by the plant under flooded con-
ditions (Kawasce 19T4). 'This issue will be dilscussed in more detail
Inter.

46, Hydrogen sultide (HpS). Hydrogen sulfide is produced under

angerobiosis by Desulphovibrio bacteria, obligate anaerobes thal reduce

sultate compounds Lo sulfides. The result is the liberation of HQS,
which has o demonstroated toxiclty in concentrution of l0—6 M. Virtually
all metpholic fimetions of Lhe rootys are directly or indirectly uffected
by HQU, resulting in the death of the root system. Armstrong und Boat--
man (1967) obsrrved Lhat rocin were rotbed or sluntod in moor gruss
(Moliuin sp.) nnd nedge (Corex rostratu) growlng in boguy where surfoce
concentrationg of HPS reached .5 mg/2. However, they also demonstrated
that plantas with un'ability to oxidize their rhizosphere could form

protective sheathy of WU”U%'””O uround the roots. Hydrated ferric

‘ s

oxide could react with 11 5 fo precipitnte incoluble Fel,  Ruscell (1o73)

. b3 ; .
states that the presence of high concentrations off e 3 in neutral solls
will also eliminabe the problem of 1, 8. Aomlne (1962) demonstrnted, !

3 ‘ ’

+3 i . . .
t.oo, that the presence of le in the soil solution indicates on Bh

that 15 too high to permit the reduction of sulfates. "Thus 1,5, Lhough i
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highly toxic to roots, is likely to present a sericus problem only in
specifie cases such us solls that are high in organic matter and
deficient in iron.

W7, Iron. Ponoempervmn (1972) stabes thut the wost important
chemical change in flooded soils is the reduction of iron and the
corregponding inerease in 1ts soluhllity. Conceivably, Fe+2 could reach
toxic levels in flooded soils as suggested by Misra (1938). Recent work
suggests that concentrations as high as 500 ppm are not toxic to rice
(De and Mandal 1957). Ponnamperuma (1965) reports a runge of Fe+2
between 0.25 and 290 ppm for solls flooded for 50 deys. Despite the
potentially high concentrations of ferrous iron in flooded soils, toxic-
ity is not gercrally rccognized as a problem except on tropical
laterites.®

48, Manganese, Muangnnese in the reduced manganous (Mn+2) form is
unother metallic ion produced in submerged soill that can be toxic to
plants. According to Ponnamperuma (1972), toxicity to rice deoes not
veceur in flooded uwoils. Junes (1972), however, reports toxicity symp—
toms in sedge (Carex nigra) ond red fescue (Festucu rubra) at 200 ppm.
lle found concentrations in excess of 1000 ppm in slach sands and
suggents that Mn+p could be a fuctor influcncing species distribution.

W9, Summary. Tlooded soils are charneterized by an ubsence af
free oxypen, that 1eg, demonsgtrate reduced conditions. Plant growth nnd
purvival are directly affected by anccrobie conditions und the chemiond
by -product:i of anaeroble regpiration by soil bacterin. Toxicity hag
been demonstrated for many of these by-products under apecific condi-
Lions. Genernlly, however, low oxygen is the primary limiting factor in
looded goilys, and toxice seccoumulations of ions and orgunic acids and
gases exert o sccondary cotffect. Yho gepuration of simultaneous,
synergistic offects in extremely difficult.

Adnptive responges to Llooding

50, Nature of ndaptuotion. Plants respond dircetly to the low

*  Personal commuicallon, 3 May 1978, Duane 3. Mikkelson, Professor,
Depb. oft Apropomy and Ronge Seldience, Univercity of Callivenda, Davi.
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nxygen concentrations found in saturated soils and to the reduced com—
pounds arising from anuerobiosis. These responses are most appropriately
regarded as injurivs, as discussed above,

51. Indirect vesponses include those hormonal, metabolic,

anatomicul, and morphological changes cccurring in plants when they are
flooded. Many of these changes are adaptive in that they convey flood

tolerance to plants. As previously suggested, the semantic line between

adaptation and injury is fine. The focus of this section is on the
mechanisms and adaptive significance of flood-induced changes in plants.,

52, In a strict sense, an adaptation arises in response to
selective pressures that differentially favor evolutionary trends,
Acclimation, on the other hand, refers to an organism's ability to
respond tu chunges in the enviromment. The plasticity of phenotypic
response reflects the degree of specialization a plant has undergone to
exploit ity cenviromment. With regard to (looding, some pluants have
become specilillists in their ability to telersie or cven reyuire tlovded
conditions. Others, which sre not purticularly speciolized, ore able to
undergo acclimation processes that cnable bhem to tolerate Tlooding.
This distinetion generally io neglected in the literature. Much of' the
underustanding of flood tolerance hays been gnined from studying plants
that are not adupted to flooding but which can amcclimate to flooding if
50 required. The ability to generalize effectively from basic research
to applied situations rests on a recognition of this distinetion.

53. Anatomicnal and morphologicul responses. Anatomical and

morphologicul adaptntion: to MNooding are the most congpicuous and have
received much attention in the literature. ‘The development of new root
systaems, roots with ditferent charucteristices, smaller stems, inter-
cellular oir opocen, and other phenowena commonly observed in flooded
plants all have one thing in common: they fucilitate the conduction of
0,, to the root system to cnnhle the vient Lo nvold bhe couscequences of

o

anaerobic soil. Ividence supperting this hypothesis has appeared in the
literature for some time. Hahn et al. (1920) observed the development
of' hypertrophicd lenticels below the soll surfuce on conifers growing

on wot sites.  The connection between Lenticels and ray tissue in Lhe

AR

R R MG A

ié &h u

JUTSR

e roaan on o A STt 2 P ] WS R




phloem was deseribed by Wetmore (1926) who suggested that this focil-
itated the aweration of storage tissue. Zimmerman (1930) demounstrated

u relationship between oxygen concentratiom {(en. 1 ppm) und the develop-
ment of lenticels on submerged willow (ggl_i_ni) cuttings. Apparently,
lenticels did not form uat O2 concentrations below 1 ppm, suggesting that
the stem could take up Op through lenticels only when this threshold was
exceeded.

54. A similar relationship between the loention of roots in bog
plants and aerated strata was observed by Fmerson (1921). He classified
four types of rooting behavior: (a) plants with root systems horizontnl
and parsllel to the water table, (b) plants with taproots that dic at
the water tuble and then produce horizontal laterals, (e) plents with o
dittuse system of vertical roots that die at the water table und
prolifcerate into o mat of advenlitious rovous Just above the water, and
(@) plants with rootu thut grow under water.

HY. Working with marsh pluants of' the genera bulrush (E_r"u' us ),
catbail ('J.'[Ehu), recd (I‘hra@_liteu), and cordgrass ({}Eartinu), Weaver and
Himmell (1930) found that root development was again determined by water
level nnd, assmedly, neccsn Lo absorbable (),‘_. Poor acrabion resulted
in the development of fine, shallow root :;yutclilu. Interestingly, only
Typhs develuped aquatic roots, although the root morphology was similar
to the other genoeru.

56, Cannon (193:') infers Lhat under o tavoruble Lemperature and
light regime, willow (Balix) and sunflower (lelianthus) can evolve 0,
photosynthetically that can be branslocated from the leaves Lo the o ;r‘m
and rool where Lt can be used ffor respirvation.,  He furtbher swyyrests thol
Lhe partial pressurce of oxygen in the stem oy be sui'ficient to aiffuse
onb ot the roots into the substrate,  Aussuming that Lhis secenario s cor—
reet, at leust with regard to mechanisms of dnternn! root acration, then
an interconnected system of wir channels must be present from Leaf to
roolb. Conway (1997) round that in the herboccous morsh plant, twig rush
(Cladium morisceas), as much ot 6 percent of the stem volime could be
Iilled by air. Through o series of experimoents che was able to deter-

nine Lhat roots prowing in unacrated mud recceived 0, from Lhe bases of
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dead lewves and living, nongrowing leaves. Ohe found that active
meristems have few air spaces, which may account for the absence of an

oxypen contribution from growing leavesn.

o

57. Conway (1940) formal:<ed the internal acration hypothesis and
c¢ited the need f'or experimental verification of the role of aerenchym
lenticels, and audventitious roots in conveying flood tolerance.

McPhersion (1939) provides evidence that intercellular air spuces found

under anocrobice conditions are an expression of injJury, namely the death

of cortical cells. Conway poses two questions that lay the foundation

tor much of the modern investigatlons in the field. 7o paraphrase,

Conway noku:  (u) Do rovbs of aquabic plants necd less oxygen for
reapiration, or are the oxygen demands met by supplies (rom the shoot?
and (b)) Docs the acrenchyma form a continuous syntem and what 1s the

oxygen concentration in the system?

58. Drawiu, o carlier work, Conway conservatively states that

oryren concentr L ion around the roots must drop below 10 percent before

inJury becomes upparent (Cannon 1925, Zimmerman 1930). Using Cladium

mariseuws, she found sn interual oxygen concentration ol 1) perceent which

¢xeeeds Lhe conservatively hipgh threshold concenbration.  he notes that
bhongh bl volume oft gtem wir spoces may be high, Cladium is suftfrutes—
cont (hrwin[_; n woady rootstock) and the volume off pore gpaces in Lhe

rootstock is low. Conway siegrents that root acration in woody geners

lTike willow (,'}.',L,l“i,x) and aldes (A_Juu"_) might bhe nceomplicshed via o
connectoed syctom of alr spoees in Lthe woody  Lissue,
9. Moot ot the importent recent roseurch heas deall with pas

balunce within plants under Clooded conditions in an ef'forl Lo relsie

anntomiont chayre nand metabolism.  Much of Ghe work has dendl wilh non-

vooudy plaubs and many of those studics were with vopgetable crops.

Nevertheless, resnlbs of sludies of woody plants coineide remarkably
woell with these studien,
60, Barber ol wl, (1062) drew Prom Regant* o (193%) observalion

Lhat, barley prrown witlh Lbs rools in raacrobice mediwn developed corbienl

alr spaees and abtemptoed to gret compnreative responses Prom havley and

rice ander simi oy prowvinge condibiows.  Barley

i uch Lypieally aqguatic
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while rice is., ''he possibility that both species muanifest similuer
adaptive recpouses provided an interesting opportunity for experimenta-
tion. Barber and his cowos ors were unable to induce Lhe formation of
wir spaces in barley, but were able to derive some important findings
nonetheless. After determining the percent wir space in the roots of
both specics, they compared observed 02 diffusion rutes with calculated
rates based on the assumption of interc o mnected intorcellular ale spaces,
The two corresponded quite closely.

61. Boldatenkov and Chirkova (1963) demonstrated that a range of
plunts over the mesophyte + hygrophyte (sic) continuum were able to supply
OP from the leaves to rools through intercellulur air spaces. vgro-
pﬂyt s with their shoots In air were able to supply O, to thels oots
(in an anwcrobic solution) for an idefinite pericd of Lime., Mesophybes
under similoav conditions were uble to maintein their roots for only
f days.

60. Coult (190N) studied buckbean (Menyanthes trifolianbu), an

aquabic and marsh muerophyte which hod up Lo 00 percent ot the rhizome
occeupied by air spaces.  Oxygen diffusion rates across Lhe endodermi s
woere chsenbially Lhe same as Ghey would huve been in an aqueous systom
while cortiend dirtuvion was one beenly rifl Lhe difrusion veloelty in
nir. Oxygen replenishment Lo the roots won vin Lhee sluele, which i,
in purt, supplied by Lhe nqueous route through Lhe endodermin.  Coult
identiticod Lhis aqueows diffusion ns Lhe ralbe~limiting faclor in Ghe
procaetis.

03, Tend and Kanwisher (1905) and Greenwood (196077, 1971L) have

shown Lhed with cordeprans (.'iiy:tr,‘l,iu.'l. HY | l;<\r'n'Ll‘_l.uL:5£), lebbuce (!Lu_cl,luzj_g_

&L_[:IV‘LL_), and musbard (u_

b ) O, concenteabions decrense fron

;
Lealr Lo root and that diflfusion raton support the theory Lhal, "eoulin-
ows, non=tortuous passages” nre present, from leat Looroobs. Tend and
Kanwishor deteormined the respivatory quoticent®  for vpurbing roobts and

copelinded that the O supplicd Lo the roobs varicd tvom 0.3 Lo 2 Limes

i

the recplvatory requirements.  Greenwood and Goodmen {1971} rurthor

*  Rospiratory quobicenl = GO, cvolyved/0,) consmed,
/ :
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demonstrated that O2 supplied to mustard roots from the shoots decreased
with incrcasing partisl nressures of O? in the rooting medium, again
supporting the hypotheais thuat pgaseous diffusion may account for the
supply of oxygen to the roots.

6h. A number of workers have found that under experimental flood-
ing conditions plants develop adventitious roots and have demonstrated
to varying depreen that the new rools ore more porous than the original
root system (Fmerson 1921, Hook 1968, Luxmore and Stolzy 1969, Yu et nl.
1969, Hook et al. 1971, Hook and Brown 1973). Some workers have found
that cell walls are thinner (Bryant 1934%) and less suberized (Schramm
1953, Hook et al. iQYL), whilce others have shown that flooded plantu
have tbe ubility to oxidize the medium nround their roots (Jensen ot ol
1960, Hook 1968, Hook et al. 197L). A caution is well tuken to defer
the conelucion thot adventilious rootlug under tflooding always serves in
an adaptive role. Gill (197%), though not examining root porosily
per se, was unable to detect any advantuge to the shoot conveyed by

adventitious rooting in Almus glutinoun, which is normally considered to

be tlood Lolevant, i1 conceluded that advenbibious roobs affoect o
Large nunber of plant activitics over a prolonged period of time, und
how and when the phenomenon is studied determines the conclusions thol
cin he drawn,

65.  Though roreshadowed by carlicer investigations (Cnrlnon 1938,
BirLon 10N Seholander o ol 195%), Lhe actual role of lenticels in
root, nereabion has only recently been demonstrated.  Using speeies of
Holix ond Myricen goale, Avislrong (1968) wan able to demonstrate Lhat
sealign 3 em of shem tissae above the waterline of fectively stopped

oxypeen ditiasion Lo Lhe rooks. Inoan exbensive investigntion of Lhe

cols, and nol, Leaves, permibbod air to diftuse through the stem Lo the
roots,.  The investigntors werce able Lo cause color changes in reduced
i cormine dye around the roots by swilcehing tbhe shoob environment
from N, to wire When the stems wore conted with parafrin and lanolin
prior bto cxpouing Lhe shoot Lo Lhe N oadre troatiment, only o slight

:

color change was nobod.  Thin change: ocourred in only one roeplicenle and
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was attributed to u leak in the stem coating. Using similar tcechniques,
Maronek (1975) found that under anwerobic conditions both red maple

(Acer rubrwse) and sugar maple (Acer saccharum) developed swollen len-

ticels, which facilitated oxidation of the rhizosphere.
66. Hock and Brown (1972) experimented with water tupelo
ssa aquatica), green ash (Fraxinus pennoylvanica), tulip tree

(liriodendron tulipifera), cottonwood (Pupulus deltoides), sweetgum

(_Liguidmnbu.r styraciflus), and sycamore (Platunus occidentalis) to

determine the pressure drop required %o draw air frcm the shoot to the
root. They found that water tupclo and green ash (both flood tolerant)
regquired g smaller pressure drop than the other specices. This incrceused
pormenhitity was linked to intercellular alr spaces in cambial ray
initials, which were continuous through the phloem and xylem. 'They
gpeculated that cambinl. permeability may be an cxpression of cvolu-
Livnary strategy. Opecies adapted to un enviromment where water is some-
times limiting have an impervious cambium to impede water loss. Species
adapted to habitats where oxygen is limiting but water is abundunt have
cambial air spaces to fucilitate gas exchange,

O7. A topice deserving bricf attention as a specinl case is the
niture and role of pneumatophores, stilt roots, swollen buttresses, and
knces in plants.  ITn a recent review article on such morphological fea-
turcs, Jenik (1973) stubes that the phenomenon is centered in the
tLropics, where it hag been observed in 18 dicot und 3 monocot foamilies.
Tt i always asoociated with woberlopgeed soils. e sumarizes thoe
finetions s providing stability, ajding nutrient uptuke, and providing
avenues for acration.  Pnecumatophores and otilt roots are aerial root-
like orpons found on mangroves growing in tidal arcas of the tropics and
subtbroples, Bobth organg are composcd of aerenchymatous iissue and are
covered with lenbicoels, strongly suppgesting a role in aerating sub-
terronean portions of the root. Seholander and his coworkcor:s (L955)

performed Ficld measurements on black mangrove (Avicennia nilbidu, which

has _f)11rmmwl;m)}'m'r(‘:;) and roed mangrove (Rhizophora mangle, which has stilt
roobs) and Pfound Lhal both spocien do have a dirvocet gas cobnnccelion

between the subterrancan and ascrial portions of the rool,,  When bBhe
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stilt rools and pneumatophore:s were exposed at low tide, oxygen concen-
tration in the belowground portion of the root systems was maintuined
at 10 to 18 percent. When pneumatophores wvere removed from black
mangrove, oxygen concentrations in the roots dropped to less than 1 per-
cent within 2 days. Similavly, plugging the lenticels on red mangrove
vesulted in a rapid decreuse in oxygen concentration in the roots,

68. In the swumps of the scoutheastern United States, swollen

buttresses and root knees are found on baldeypress (Taxodium distichum)

and water tupelo (Nyssa aguaticae). Like pneumatophores and stilt roots,
their modified trunks and roots have long been suspected of saiding in
root aeration.

69. Penfound (1934) exar ined the anatomy of Nyssa aguatica and
found that the density of the wood increased from knees to buttresses
to normal k, corresponding to decreasing numbers of parenchyma cells
and ring wiaths. He found little evidence suggesting aerenchyma and
therclore discounted the role of buttresses and knees in aeration,
though the degree of expression of the:e features was corrclated with
depth of flooding. Kurz and Demaree (1934) hypothesized that butt swell
in cypress was determined by the interaction of aeration and inundation
with swelling resulting from flouding with serated water, However, the
absence of knees in deep water caused them to be skeptical about their
role in internal aeration. Whitford {1956) offered the observation
Lhat cyvpress knees vere found only in situatlions where roots were
partiglly inundat=d and attributed the formation of knees to higher
cambial activity on the tops of roots wher e acration was presumably
betver. Tt would be useiul Lo reexamine Lhe occurrence of knees and
trunk buttresses in light of Kawasc's cecenlt (1977) i"indings, which
relate rooting of submorged cuiiines tu ethylene accumulation.

70, The function of cypress knees in aeration was examined by
Kramer =t al. (1952). %hey concluded thal Lhe knees were permeable and
that gas movement to the roots via the knecs was possible. That this
does, in fact, occur was not demonstrated by Kramer. The rapid growth
rate of the meristematic region of the knees was identified us the sink

for the abscrbed oxygen by Kramer and his coworkers.
VA
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T1. In brief summary, n wide varicty of plants, including
domestie crop plants, aauatic macrophytes, and shrubs and trees are
capable of producing anatomical and wecphological modifications that
enhance their ubility to withstund ilooding. These modifications in—
clude intercellular air spaces, aerenchyuma, swollen lenticels, adventi-
tious roots, and pneumatophores. All of thes facilitate the movement
of 02 to the root system, thereby avolding anzerobic conditions caused
by flooding. The role of knees and buttressed trunks in aeration is
yuestionable but available evidence suggests that it is negligible.

72. Metabolic responses, The ability to regulate and utilize

anaerobic pathways in the roots, along with the ability to supply roots
with oxygen through appropriate anatomical modifications, enable plants
to tolerate flooding (look et al. 1971, Crawford 1966, 1972, Hook and

Brown 1972, 1973). Respiration would be expected to be a good indicator

of changes in the 0, regime around the roots. Because energy for all
[

active plunt functions is derived from respiratory processes, it follows
Lhat the onset of anaerobic conditions under tlooding would be expressed
most basically in changes in respiration. In turn, virtually all plant
functions would bpe influenced by these changes. As early as leh,
Bryvant ong e maalw deereased seration would lead to deercased
resplration, thereby creating an excess of sugars that could then be
incorporated into cell walls. In this way he soughlt to explain the
occurrence of thicker cell walls of barley roots ipn anaerobic cullurc.
A different conclusion from a similar obrervation was drawn by Van der
Heide et al. (1963) who found that barley with roots in a nitrogennted
culture had o soluble sugar content more Than 100 percent higher and o
protein content h* to 2% percent hipghor thoan planbs wiih sorobod roots.
Lt is supgested that cell wall formution was inhibited by low 0, aud

Z
that the unused sugars show up in the assay.

T3. 'The process of pglycolysis is identical in both aerobic and
anaerobic metabolism. After glucose is broken down to pyruvi. acid,
however, its fale is determined by the presence or absence ol oxygen.
With adequate oxygen, pyruvate is respired nerobically via Lhe Krebs
cycle to COP and HQO.

In the absence ol oxygen, pyruvabe ususlly i
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fermented to ethyl alcohol and carbon dioxide. Alternatively, different
pauthways are available that convert pyruvate to several simple organic
scids instead of ethanol. All anacrobie pathways involve & penalty to
the organism in that significantly less energy can be obtained from the
partial breakdown of glucose than from complete oxidation via the
acrobic pathway. Three lines of inquiry arc interwoven in contemporary
literature of metabolism in flooded plants. The tirst deals with the
identification of motabolites from anaerobiosis. The second compares
relotive levels of the metaholitbes and hypolhcesives {lood tulerance
mechanisms based on gencral trends observed in nlants. In the third,
investipgntors have exomined raics ol metabolism and enzyme activities in
an effort to identify general differonces belweon flood-tolerant and
intolerant plants.

T4. Dubinina (1961) found that when oxygen—detricient conditions
werce imposed on the roots of pumpkin, tomato, and willow (Salix ginvreu),
the concentrations of mulate, succeinate, and pyruvate inereased. This
indicates thot glycolysis and the anacrobic portion of the Krebs cycle
woere the magjor metabolic activities and thal oxidation was retarded or
eliminated.  turther, tho roots becume curiched In amino wclds, suggest-
ing a postponcments of protein synthesin,  Berouse a wide range of flood
tolerances were represented in his study, Dubinina concluded thut the
phenomenn observed were penerul to all plants.

T, Crinceva (19602) found Lhal corn with roobs in anmerobic solu-
Lion culture increased the cexeretion of glucose and Fructose, amino
neids, and the orpanic acids of the Krebs cyele,  OGrineva noten thedt the
cxerelod substoances ave cilbher Ghose volt ubilized in nerobic respiration
or dependent, on larpge encrpey inputs for fuarther synbhesis,

6. Boultor of ot (19673) oxomined Lhe production ol organice
seids and ethanol in Gisoue slices from the rhizome of yel Low iris (],.7
P""”"“"—‘_’;L"L’ﬂji) undoer various mixbures of O?’ N,,. and C()ﬁ. Though many

acids were detected, none accounted for a

sipgnifricant portion of tLhe
wrboliydrate consumed, Wthanol secounted Cfor only ('f perecnd, of Lhoe
carbohydrate ubilived at O poreent 0. These workers

i

Lorminn] oxiduse mush hove o high aftinity For oxyeen (as do the

concluded Lhal, the
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cytochrome oxidases) to permit such a large percentage of the carbohy-
drate to be respired aerobically. Armstrong and Guynard (1976) found
that 2.5 percent C,, was sufficient to mointain uarestricted acrobic
respiration, suppor;'bing the theory that the system hes a high oxygen
affinity. Lambers (1976) provides additional supportive ovidence of
high oxyegen affinity of the terminal owidoasce in flood--Lolorant groundsel
(Senecio aguaticus). Recent work by Yo et ol, (1977) and Corpenter and
Mitehell (1977) has correlated Plond tolerance in several woody speei. s
with cyanide~resistant respiration. 1This indicates that an alternantive
oxidase to the cytochrome system may have @ role in t'lood tolerauce.

. One of the most active workers in the ficld of vegehation
t'lood tole)wnce has been Crawford. IHe studied noni'lood-tolerant
species in the genus Senecio, and observed that, when subjJected to
flooding, they showed decreascd growth rites, asceelerated raten of
glycolysis, und accumulated polenitially toxic guantities of cthuanol
(Crawford 1966). In o :,:ubuuquent. articie, Crawtord (1967) further
demonstrated that the netivity of the cnzyme aleohol dehydrogoinse (ADI)
was increased in flood-intolerant plants. He pointed out that organic
acids conld be Jurther broken down and thoerelfove the entirve organie acid
component should be cxrawmined Lo adequately portrey the dynmnics off
anaeroble respiration. kthyl anlecohnl, on the other hand, iLu not rarther
respired and increascd production could be used ae an indication of
intolerance.

(8. Pursuing the cozyme aclbivity idea further, Crawford nnd
MeMannon (1968) upplicd nectaldehyde, an ADIL inducer, to o range of
tolorant td intolerant plants with varyine stem morphologies,. 16 was
round bhat helopbybes (Clood-bolerant plants) showed Less ADI induction
Lrom acetaldehyde than nonhelophytes.  'The roct Lhat this correlates
with pertormance under flooded conditions, repgardless off the amount of
anerenchyma, suzgestod that it conld be used ag a soreening metnod for
I"Lood toleranco.,

(0. More recont work (Wignarajoah ond Groenway 1976, Wignare,jul
et al. L970) hos cast some doublt on the usetwlnoess of AL activity in

prodicting lood toleranee,  ADD wetivity s o Puncelion of oxypen
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tension within the roots, which in turn is dependent on root unatomy
and morphology. In corn, high ADH activity was found in roots when the
currounding media had an 09 content between 8 and 13 percent. Thus a
flood--tolerant plant with d high proportion of aerenchyma in the stem
could conceivably have an ADH level higher than an intolerant gpecies
simply because the flood-tolerant species is able to provide more ()2 to
the roots., In addition, it has been shown that flood-tolerant species
may have lower radial permeability rotes than intolerant species
(Tennen ot ol 1967), which could result in less 0, and correspondingly
higher ADH level: in tolerant species,

80. Wignarsjoh and Greenway (1976) were able to debect a gradient
in ADH activity that increased toward the root apex. This indicates
that younger tissues may have intrinsically higher levels of cnzyme
gctivity, and sample materinl for flood—tolcraéce tests would huve to be
selected from tissues of equivalent physiological ages.

81. Lembers {1976} has found that the activity of several cnzymen
increased while respiration deercused in roots under wsnacrobice condi-
tions. Increased activity of roeduced nicotinumide-adenine dinucleotide
(NADH )-oxidizing enzymes (nitrate reductuse, glutunate dehydrogenane,
and lucbtute dehydrogenase) is proposed as one possible mochunism by
which adenosine triphosphate (ATT) for omino ocid synlhesis may be obe
{tained anaerobically. Lambers draws on wu carlier finding {(Van der
Heide et al. 1903, Dewit 1969) and suggests that ATP levels muy also be
maintained through the inhibition of' cell wall synthenis. TInterestingly,
the finding that nitrate reductase activities increased in anaerobic
routs suggents that gufticient oxygen was transported to the roots Lo
maintain a supply of nitrate ip the root zone.

2. Cravford and Tyler (1969) found that the maloate to succinate
ratio nlio pravided o covrelnbive method for distinguiching Lolcrant
tron intolerant plants., In helophytes, the ratio wus lurger than in
nonhelophytes. Other acids provided no consistent patterns which could
he used for separating plants into tolerant and intolerant groups. 'he
aceumilation of succinate has heen aspociatod with tissuces damagoed by

exposure to corbon dioxide or nitrogen atmosnpheres (Mwime 1946, Bendall
1 A ! g
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et al. 1960, Wager 1961) while mslate accumulation occurs in tissues
nol irreversibly damaged by anoxis (Henshaw et al. 1962).

83. Crawford and Tyler (1969) have also suggestled that the
scceumulation of malic acid in flooded root systems may nct represent a
metabolic switeh., Rather, malute may be produced to correct the charge
imbalance in the cells resulting from the uptake of reduced cations
(notably Mn+2). This hypothesis has recently gained support from
Keeley* who found that in the genus Nyssa, malate accumulation accom-
ponied high rates of ethanol production. Further, the high rate of
growth observed in awamp tupelo (ﬂxggg sylvatica var. bifldrq) after
1 year of floodiny indicetes an energy gain in excess of that attainable
viw anaerobic production of malate.

8%. 1n summary, the study of plant metabolism under flooding con-
ditions is onc that promises teo help clarify understanding of flood-
tolerance mechanisms and provide expedient methods for screening flood-
tolerant plants. 1t is fair to state that at the presenl time therec i
a paucity of generalizable results. The aubilily (o control rates of
respiration activity and selcectively accumulate nontoxic by-products
would undoubtedly be advantageous under [looding. The ability to
oxidize bLhe roots via werenchyma and intercellular air spaces is equally
important; however, metabalic studies must be consldered to ensure
proper interpretation of the resulis.

85. The role of plant hormones in flooding respouses. The

diversity of morphologicul responses to flooding hres suggested that
! hormones might play o significant role in flood injury. A plunt hormone
may be defined as o onburally ocenrring organic compound that, in small
conecentrations, modifics physiological processes (Kappaport 197¢).
These resctions are involved in protein synthesis, cell wall formstion,
and synthesis of sccondary compounds (including hormones) and are
munifested in turn by the growth of the plunt. Leaf abucission, stem
) hypertrophy, adventitious rooting, chlorosis, cpinasty, deerensed

*

Kevley, Jo T 1W0f. Malie acid acommulation in roots in response to
Floodinr:  evideneoe for o new hypothesis.  Unpub. manusceript.  Occi-
dentn) tollege, 1w A 6O pp.
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elongation, and similar morphological changes all implicate
mediation in flooded plants.

hormonal

The synthesis of a particular hormone does
not necessurily indicate a plant's abidity o withotond floudiug; raiher,
nite of nynthesls, sibve of action, and amount of a hormone will deter-

mine the nuturce of the plant's responses. These responses, together

with & plant’s respiratory and anatomical adaptatlons, determine the
success of o flouvded plant. The first suggestion that hormones mey act
in tlood inJury came from Jackson (19%6). He took issue with the
prevalent view that flooding injury wos coicied by decrcused water wund
nutrient uptake and suggented that Injury sarose from the inuhility of

the flooded rout to supply the shoot with an unkioown substance necegsoary
for normal growth.

86.
etliylene,

The most popular hormone for study in flocding response is

The symptoms of ethylene exposure werce first elaboruted by
Crocker et al. (1913) who described a "triple response” in etiolated

pea seedlings of (o) decressed rates of stem elongation, (b) iucreased

stem diameter, and (e) atew pinasty.  Michener (1938) found that

cthylene increcased the sensitivity of plants to auxin (indoleacelic acid
or TAA) und suggested that Ghe two hormones weted synergiotically to
produce the triple response.

B7. Smith and Restfall (L971) postuluted that ethylene in flooded
field soils could be o gignificunt factor in determining plunt responses
Lo flooding. Concentrations far in excess of the physiological thregh-
old were subnequently found in t'leld studies (Smith and Dowdell 197h),
nnd T owne loater detboermined thato the ethvlone win of
(Smith 1975).

84,

wigrablal Uli!—" i.ll

thylene also is produced endogenously by flooded plants,

though the aite of synthesin io dobnbnblc.  Jachsou (1996) rmnd Juckson

sl Cemphell (107 52,b) mainbain bhat the stimlus for clhylene produc-
tion arises in the root. under anacrobiosis and is translocated to the
shioot wheroe ethylene in synthesized and its effects are observed.
Knwnse (1073, L1976, 1977) builds a convineing cmse tor the synbhests of
othylene in hoth the gtom and root.. Under pormal conditions, endogenous

ethylene gos is diusipated to the adr before active concentrations wer
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reached. When a stem or root iy flooded, however, ethylene accumulates
in the planl tissue becouse of its low solubility in water. Kawase
(L972a, 19(2b, 1974, 1976, 1977) has found that ethylene mccumulates in

stems of crabapple (Mu.lus“ robusta), privet (Ligustrum obtusifolium),

¢hrysanthemum (Chryuunthcmum morifolium), sunflower (Helianthus annuus),

tomuto, radish, and willow (Uulix fragilis) when portions of the stem are

cither submerged in water, centrifuged in water, or wrapped in plastic
{ilm. In all cuses, ethylcne anceumuiation was thought to result trom
impeded ditfusion rither than weceleroted production by the tissues,
Ithylene also appears to be translocuated to portions of the plants not
subjected to treatment (Kawise 1977). Both the loeal accumulation of
ethy lene and its translocation to other purts of the plant arc highly
correlated with {leoodlng responies such as leaf epinasty, chlorophyll
breakdown, stem hypertrophy, und adventitious rooting (Kawnse 197h),
The causal link between ethylene and these responses has been almost
conclusively estublished by the findipg that plants treated with
ethephon (a synthetic compound bhat releuses ethylene) show Lhe sume
respongses ug tlooded plants (Kawase 197h). .

89. Wample (LY76) proposes that ethylene, nnd ponsibly certain
wuxing, nre responsible f'or stem hypertrophy and ndventitioun rooting
In flooded sunt'lower plants.  Becnuse Lhese morphologicnl responses were
observed on plants growing in seraled solubion culbure, Womple concluded
thut these responges are primarily Lhe of foct o water arownd the root
nnd posaibly in the intercellulsr gpaces,  Bpinasty, stunted growth, and
chlorosin are abbribubed Lo rool, anoxin.  Bradford and Dilley (I‘_)’{'H, in
press) oblained somewhnl canbeadictory roemnlbs in Chedr atody of tamnto,
They conceluded that rool anoxia was the primury cause of nsccelerated
ethylene production in the shoolb and did nol result from Lthe diffusion
ol* ethylene from root Lo shoot,  'They did not detecet o concentration
radient off ebhylene from root bo shool and therefore discount the root—
shoot, diffusion hypothenis,

90. "The gyuncrgiabic effects of cthylene and auxin were {irst
disennand by Michener (1948). Phowrh this work docn not, dendl with

responses Lo Plooding: direetbly, it s inleresting Lo congider in that
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light. Michener concluded thoat vthylene did not affect the production
or transport of auxin, but, iv conjunction with low auxin luvels,
ethylene could produce stem swelling in pea, corn, and oats. The
similarity of this response to stem hypertrophy induced by flooding
surpested to later workers that other plont growth subglunces might be
responsible for flooding symptoms.

9l. Phillips (1964a) found that flooding the roots of sunflower

(Helianthus annuus) resulted in leaf epinasty. Tf the shoot apex wa

removed, the epinastic response disappenred, TFpinosty could be restored
by supplying TAA to the cut shoot surface. 1In further experiments, en-
dogenous IAA content in the shoots of flooded sunflowers was found to
exceed the levels in control plants by a factor of 3 to b (PY . lips
196hb). This increase was attributed to one or more of the toullowing:
(a) n cossation of TAA transport to the root, (b) inhibition of oxida-
tion of TAA in the root, or (c) an accumulation of roout-synthesized
anxin., The effcets ubtributed to accumulated auxin were suppressed stem
elongation and the promotion of root initintion.

00, Phillipe (196ka) wlso reports that gibberellic acid (GA)
counteracted the TAA-induced leuf epinasty. He speculated thul flooding
the roots wiy have stopped GA production by the roots, resulting in an
IAA/GA imbualance in the shoot. There is good cvidence that both GA and
cytokinin are synthesized in plant roots and thnt lack of' root acration
may reduce the leveln of these hormones (Jones s ¢ Phillips 1966,
Burrows and Carr 19069, Reid et al, 1969, Reid and Crozier 1971). Reid
aud Crozier (1971) have shown that GA Tevels in the rool and the shoot
as well as in the xylem sap of tomato decrense aftoer 1 doy of roof,
flooding. They attribube the deercoase o stem clongation to decreased
GA export f'rom the roots, but conclude that other facetors probubly
become Limiting aCbor 'f doys of flooding.

93, Oelmun and Sandanam (1972) found that. growth of tomato in
nonaerated culture solutions was iacrvused by roliac application of GA
nud benzyladenine (o eytokinin). Gibbercllic acid increased dry weight,
Lot expansion, and stem clongation while benzyladenine incrceased leal

Chickuncess, stem diameber, and water contoent.
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9. Burrows and Carr (1969) attributed the breakdown of
chlorophyll in leaves of guni'lower whose roots were flooded to a reduc~
tion in eytokinin export from the roots. Chlorophyll breukdown could be
delayed by applying either kinetin (a cytokinin) or sap from unflooded
plunty to lcaves from flooded plants. Railton and Reid (1973) were able
to eliminute chlorosis, epinasty, and adventitious rooting in flooded
tonato by spraying the leaves with the cytokinin N6—benzyladcnine.

G5. It should be apparent from the foregoing discusiion that
flooding and/or root anoxia disrupts the hormone balance of plants, The
synergistic expressions of these hormones on plant met:nbolism and form
are only beginning to be understood, and it is diffic 1t to generalize
at this time. Thus far, however, hormone fluctuations do nol seem to
be pood indications of flood tolerunce.

96. The evolution of toxins. The possibility that toxic by-

products of anaercbic respiration may esccumulate in flood-sensitive
plunts has been introduced in the scction on metabolic respons: . Other
sources ol toxing are present in some species and are a significant
source of injury. Evidence suggests that the evolution of toxins such
ur cyanide und phenolic compounds is restricted to taxa with the appro-
printe metabolic inblormediates already present in the roots.  The
ubiquity of the phenomena huy not been cxamined, but warrants study.

97. Kowe and Catlin (1971) estublished n correlation between the
uamount of cynnogenice slycoside hydrolizved in (looded roots and the relu-
tive flood tolerance of peneh (Vrnnnﬁﬂp“ruivu "Luvell'), apricol

(Prunus armeniasca "Royal'), and plum (Prunuy cerasifera 'Myrobalan 3 07).

They hypothesized Lhal, Lhe eynnogenic glycoside and its hydralybic
enzyme are spabially separated by selectively permeable membrancs under
normal. aerobic conditions. Anaerobiosis deereases the energey availablce
for membrine maintenosnce, cawsing the glycoside and the enzyme to come
Logether and ecyunide to be releused. Free cyanide would then cause
{f'urther damnge in o chain reaction snd the tiees would be killed.

98, Pursuing further the possibility of autotoxicity under
watorlogeed conditions, Coblin wid his co-workers (1977) conducted o

series of experiments on walnut (Juglans hindsii, J, regia, and
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J. hindsii x regia 'Paradox'), and wingnut (Pterocaryn stercptera). The

gume hypothesls of membrane deterioration in root cells was again
ruiuced; however, the toxice agents in those speclen were thought to be
phenolic compounds. Released from the vacucle, the phenolics could
denature proteins and thereby further inhibit metabolism. Phenolics
covld aluo enter the vranspiration stircuam wnd be translocateoed Lo Llbe

aerial portions of the plant where further dammge could occur.
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VARY III: SBCONDARY FACTORS INVOLVED IN I'LOOD TOLERANCE
AND PRACTICAL ATPLICATTONS

Secondury lMactors

99.  'The tactors divcusved in Part Il-—changes in soil chemistry
and the direct and indirect responses of plants to thesce changes—-nre
common to all flood situations. As such, they represent thoe primoary
et'tects of looding, unconfounded wilh other variables such as specios,
age of plant, water depth, turbidity, temperature, wave actiown, cle.
These sceondary factors, however, Ll luence plant pertormance and muy be
of overriding lmportance under ficld conditions, For cxample, eurront
veloeiby or wave forece muy be sutfficient to crode soil Prom bthe troots
and topple cven a brece that would tolerate cxtreme rlooding in the
abienee ol waber erosion. The comblnabion of sceondary ractors will be
preuliar to cuch filold situation and must be cviluanted on o cnse=by-case

busia.  ‘The m)or decondary tacltors are coasidered below.

Dpocles and ceobypice varintion

100, Probably the mosl, Intfluenbial ractor i detormining surevivid
ol a plant when flooded n ibs phenobypice adaptation Lo Cloodimge, Tuler-
speclfic dirtrercnces in Plood tolerancos are widely recopnd sed and
reported (L el ol LhG, Youger 1909, Trink (9590, Mebermobt 19,
Bl and Cand Lhe 195, Hosaer LYY, 1999, 1960, Williston 1959, Hosuer and
Hoyeo 19062, Broadtool 1906, GiLl 1970, 'esell 1OfY, Bedinger 1971,
Breondloot and Williston 1973, Toucks and Keene 1973, Boell and Johpson
L) . aill (1ovo) hos provided an exeollent compilation ol specios !
Loleranee Lists Prom o mmber of sbidics.  While dirrferent peomraphice
locabions and shbudy condibions hoave renplled fnodabo Ll are nof,
dirveetly compavnhle, Gherve Lo oreasonblo sercoment, wnowges dirrerent
nubhors on relabive specien Loleranees. Thus, blonck willow (Lﬁiil_lil
x}_u_fLr_n) hald eypros: <1Jl’i?§fl£iiilﬂ. {Lif:_‘ij}!hll}ll}, and waler fapelo ('\LY.LJ
151111‘:!,‘!:@;‘:5) arc generally al Lhe tolerant ond of Lhe contimwun while
loblolly pine (l'_i._lggi Lacedin ), whibe ok (.(_{l_q;‘r'g_l;{:« 3;.;lﬁl_)_:n.), and talip Lree

(Liviodendreon tulipifeea) are penceally inLolorant.  The Lask of
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celecting specles suitable for reservolr plantings is simplified
somewhat by the wealth of related experimental and empirical obnerva-
tions that exists in the literature of forestry and plant eco.ogy.

L01. Within a species, ecotypic variation may account for n wide
range of flooding tolerances. Some of these may be genuine ecotypice
differences with genclle bases, as demonstrated with groundsel (Senecio
vulgaris) {(Crawford 1966), black gum (Nyssa sylvatica), and waker
tupelo (N, nquatien) (Hook and Stubbs 1967). In other instunces, a
species may have become morphologically ncelimnted to flooding. 1In
thene cases any individual of the species may have the potential for
being {1lood tolerant. As pointed oub by Hook and Stubbs (1967), such
questions are necademic when it comes to selecting plant materials for a
particular site., "They rvecommend that, 211 propagules be seleeted from
the ares where they will be used.

102, Age of tree T'ree age 1s o factor in delermining survival
during looding beceuse older, taller trees penerolly have Lheir leaves
thove water wnd may be subJeeted to relutively less gevere conditions
than scedlings.  Conversely, ws Gill (1970) points out, lLarpe size also
can be o liability because of inercased oxygen demand coupled with in-
creased registance Lo oxygen diffusion throwgh the stem.  Pursell (1979)
provides mortality observations consistent wilh this hypothesis. De-
gpite this obstacle, older trees arce generally more lood tolerant thuan
seedlings and sapliugs of the same gpoecices (Broadfoot, und Williston
LY73). A striking example is provided by Demarece's (1932) study of
bald cyproess ('l,':mmri.ilun' ‘('l.'.:'.‘h:i.('.}mm.), in which scediings Jdicd arber 2 woeeks
ol camploete sabmergence,. Maluaee brees, dn conbragt, are commonly able
Lo survive Cloodingg above Ghe rool crown for much ot Ghe yoear,

1043, Regneding youns plantations, the Cindirg: of Kennedy and
Krinned CLO7h) dndicate that o year's growth prior to sny flooding in-

crenses Lhe chances of survival., "This ig in conflict with the {Mindings

of Harris ot al., (197%) that tvees esbablished For 1 YOO Were no omore
Loleorant than treves planted 2 mopLhe prior o looding.
1O, Ditteventiol survival has heen observed belween cubbings

and scedLimgzs, with 1-0 oubplented seedlings faring botter than currvent
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yesr cuttings (Maisenhelder and McKnight 1968, Broadfoot and Williston
1973, and Kennedy and Krinard 197k).

105. Regeneration under natural conditions also is affected Ly
tlooding. Du Barry (1959) found that among the nine bottomlend species
tested, germination of hard-coated seeds was enhanced by submersion.
Thus, prolonged flooding might be expected to cause changes in species
composition through differential germination. Hall and Smith (1955) and
Pursell (1975) found that even if seeds germinated after floodwaters
receded, reflooding the following scason virtually climinated all repro-
duction. DBroadtoot and Williston (1973) state, however, that seedlings

of species that typically leaf out late in the season (e.g., green ash

(Fraxinus pennyslvanica), water hickory (Carys aquatica), and overcup
oak (Quercus lyrsta)) will survive spring floods lasting into July.
106. Noble and Murphy (1975) found that understory vegetation
recovered very rapidly after a prolonged flood in Louisiana. However,
seedlings of American elm (Ulmus americana) apparently were eliminated
and species ot ouk (Quercus spp.) suffered significant decreases in

cover, saccording to the h3-day postflood inventory.

107. A secondary factor affecting reproduction is predation by
waterfowl attracted to newly flooded forests. Minckler and Jones (1965)
and Minckler and MeDermott (1960) found that though pin ook acorn pro-
duction wus dlgher on flooded sites, the seedling populution was much
smaller than on nonflooded siltes, They attributed this to increased
waberfowl consumption. As would be the case with differentinl specics
survival, preferential predetion would be oxpected to have a long-term
of'leet on speciens composition in a flooded forest.

Gondilion of floodwaler

108, Acrabion ol floodwater is another important factor in deter-
mining performance under flooding. Hook ob al, (19711) and Horms (29773)
have shown experimentally that growth is inhibited more under stugnant
conditions than with circulating water and that stagnant water has boih
lower oxygen concentrations and hipher carbon dioxide concentrations than
moving woater.  Broadtfool (1967) observed that 0? in a shallow impound-

ment was depleted during dry periods but was replenished by raiu. e
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attributes good growth to this reoxygenation and sugyr:sts that different
results might have been obtained in the ubsence of rein. SBimilarly,
Conner und Day (1976) Tound that flowing water resulted in highor
productivity in swamp forests in Louisiana. Kennedy and Krinard (1974)
report that water trapped around trees after floodwaters have receded
wes not only low in oxygen but was also warm. Demaree (1932), Brink
{(195L4), and Brosdfoot and Williston (1973) have reported similar find-
ings. Demaree found that warm wuter hastened death in seedling:: of bald

cypress (Taxodium distichum), which is typically f ood tolerant.

S50il factors

109. The biological and chemical changes occurring in flooded
soils have been discussed at length in Part IT. It is apparent that
so0il texture, organic matter content, bulk density, and other variables
will influence survival of plants under flooded conditions. With the
large veriety of soils found in reservoirs and other water management
projects arouri the country, the magnitude and direction of =oil effects
would have to be cvaluated for cuch site individually.

110.  Armstrong and Boatman (19067} have conduciced research
correlating sojl factors with the occurrcnce of certain British bog
plants. Of more immediate relevance, however, is the work oi Harms
(1973). Using two different swamp soils, he was able to document thst
s0il type had a & .ticant ef'fect on total height, height growth,
growth rate, and dry weight of flooded water tupelo. le speculates that
the effect is largely nutritional.

111. The role of mycorrhizac (symbiotic assocciations between
fungi and plant roots) in nutrient uptake has gained recent popularity
in forestry and agricvltural rescarchi. While it is reasonable to expect ‘
that flooding would uence Lhe formation of mycorrhizae and thus |
affect tree growth, there is an apparenl shortage of published research i
on this subject. Filer (1975) reports that flooding reduced existing
endomycorrhizae and prevented the formotion of new ones on sweelgun
(Liquidambar styraciflua) and green ash (Vraxinus pennsylvanica).
Betomycorrhizae were similarly atfected on Nuttall's oak (Quercus

nuttallii), willow vuk (Quercus phellos), and overcup oak (Quercus




lxrata). In both ectomycorrhizae and endomycorrhizae, however, full
recovery was observed by the end of the growing season. 'The long~term
influcnce of changes in mycorrhizal populations resulting from flonding
remains o he examined.,

Mechanical factors

112. Closely related to soil type and water movement are mechnn-
ical factors such as wave action, erosion of soil Prom around the roots,
and silt deposition. ©Steep banks are known to erode to morce graduul
grades and shoreline trees can be toppled in the proceus. Loeus soilgs
are particularly susceptible to this phemomens (Petorson 1957). Gill
(197h4) supgests that age structure of a willow population surrounding a
Britivh luke iy inverscely related Lo wave power. Wave action in conjunc—
Lion with awbrusion by floating debris cun wear off bnrk on woody vegeta-—
tion on the downwind shores of' water bodies.* Scedlings and soplings
would be especianlly susceptible to mechanical damuge.

113. Oiltation and tree performance have been examined hy several
workers (Kennedy 1970, Broadfoot and Williston 1973, Kennedy and Keinard
197k, Noble und Murphy 1975). Cottonwood (Pqpplus deltoides) appeurs to

be espeeially tolerant of siltation around the trunk, since it wos unin-
Jured by silt deposits up to % r£t¥** deep (Kennedy and Krinurd 197h).
1ih.  Broadfoot and Willistoa {(1973) stabe thal cobbonweod

(Populus deltoides), bald cypress (Taxodium distichum), tupelo (Nyisa

upp.), and black willow (Salix nigru) can withstand moderate siltation.

Mong the Paciflic coast Scequois sempervirens, the coast redwood, is

frequently subjected Lo siltation and responds by developingg asnobher
sbory ot roots correcponding to the new soil surface (Stone and Vasoy
1968) .

115, Texture oi the silt deposits can pe dmportant in determining,
injury. Clay deposits crack as they dry, providing access ror air to

the soil. BSand and silt, conversely, 'oim a noncracking loyer over the

¥ Personal communicobron, Marceh 1977, R. W. Harris, Depl. of Muviron-
mental Jorticulturc, Uuiv. of Califorwin, Davis.

¥k n toble of Cactors Tor converbing U. B, cnstomary unibs of neonsare—
menh Lo metrice (S1) can be found on pagse 9.
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soil that may eftectively impede O, oxchange (Broadtool and Williston
19173).

Hydrologic [actc
timing, duration nand depth

L16. Timing. The semsonal timing of a flood is of greal impor-

tunce to the survival off woody vegetotion.,  Dormont season {looding

usually has no ef'fect an woody plant: (Silker L1948,

McAlpine 1961, Williston 1902, Broudtoot 1967, Burton 197", Broadfoot

and Wivliston 1973) and muy even have a beneficial cffoeel by increusing

wuber availoble in the soil through the summer (Broadf'ool, 1967, Burton

L9(2). Bven an intolerant species like the tulip tree (J..i,riodcn(lrun_

fulipifers) can withstand rlooding when it is dormanl (McAlpine 1961).

Conversely, ccedlings looded aftor Leal Clush are very suasceptible to
damagre (M(‘.Alpinu 161, Broadloot and Williston 1973).
L1'f.  'The time abl which o fMood occur: during the growing senson,

nlongs with the duration or period ot time {or Limes) thal an aron L

looded, cun have w oaignticant impuet on the vurvival ol developing,

vercbabion,  Mulfmag (1976) round that tlooding woag selecebive on Lhe

development of certnin boltomland hurdwood orest populations Iror

exumple, youny ironwood (Carpiuus caroliniann) prew well whore flooding:

wivi 'requent and persisbed Tor Y daya or omore al any one Lime,  Cone

versely, walor ok ({ Hereus ﬂiﬁ_rj;_) seed i and soplinges had GGG

Lolorauee or Lhin comdition,

iz
e

weebmuom (Liguidmabar shyraci©lun)

developed best i severat floods ot 5 doys o Towper occurred dure iy Lhee

sccond 30-diy period of b prorowingr season.  Cherreybark onk {(Q. Talenln

Vi, ﬂlﬂ)_dil._l_f_l_‘f)‘,!__i_!i) and blnekguam (‘N,y_:_::;u. ﬂ!;"_"k"_i_"_'h) did poorly on osoilys
Lhal, wore Cloodoed 'ar b days o more af'ter Lhe riest, 60 doys ol Ghe
FrOWLIYT Henson.

L8 Dweation.  Mlood duration during Lhe proving scason, aldong
wiblt depth, can artreel, swevival ol Grees, Wilhin anyg priven aspecion,

prealer injury and lower ducvival with inerensing poriods o Cloodingg

are reporbed for bobh Cield condibions (Mot oL al. 19RO, Yenger 1909,
Nt and Smibh 19U, Wit)iaston l_F)‘_)?)) ad Tab condibions (JI(»;:um' R ‘)')H,

1959, L96O, Uouner and Boyeo DO0Y. Hpenden porformeurecn der variows

Hi

Hal L und Smith 19%5,
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conditions e summarized by region in Appendices A-G,  Some generaliza—
tions arc possible, however. Regarding reaervoir shorclines, coloniza-
tion of shorelines by woody plants appears to be unlikely if flood
duration cxceceds MO percent of the growing scason, Many natural swamp
yystems are flooded for ho percent of the total year, however (Bedinger
1971), and ex:mples of plants sorviving inundntion or soeveral yenrs are

provided by Yonger (1949) und IMorris ot al. (19759). Although these arc

7]

isolated cases, the evidence ustrongly suggests that some woody speciers
could thrive ir planted in drawdown zones; these incluide buttonbush

(Cophnlanthus oceidentulin), selectod species of willow (Salix), onk

(Quercus), Lucalyptus, ash (Fraxinus), tupelo (Nyssa), and eypress
(Laxodium).

119. Depth. The depth of tlooding during the pgrowing scason cnn
intlucnee Lhe degrece of dnjury to, or survival of, woody plants., Ettec~
tive depth on o Lrunk is o function of tree size ws well as water depth.
The lower solubillity of pases in water, high turbidity, and decreosed
Pight inbengity are lLikely to have a detrimental cof'fcel on terrestrial
vepcetation in general it it Qs dinundabed completely.  Broodtoot wnd
Williston (1973) report, thal shoot death is common in sceddings of most
specices i rlooding occurs oaf'ber leaf flush.  Under preenhousce condi-
Lions, Hosner (1Y60) demonsbroted that seedlings of sycumorc (1’_1_@}33._)1_171&

oceidinlulin), red maple (Acer rubrum), Shumerd onk (Quercus shumardii),

sweetpun (Iiquidambne styracifion), hackberry (Celdis oceidentnlis), nand

Opanish unk (Qy_(;;r_‘c_u.:; foleatn var, MH.’Q}L‘L!L’_U,’L) a1l dicd artter 20 days
of complele submersion.  Seedlings off Lhese same specics showed elther
vomplebe or gipnificanbly higher aureival when subJeclbed oo Clood i
Just to the root collor (Uormer and Boyee 1962) . a1l and Smith (1055)
found Lhat survived of bubbonbash (Cephadanthus occidenbalin) and black
willow (.it_l_l_i ILIM) under fLood conditions wu dependent on whethoer
ur uob bhe planby were omergent or comploetoely coveroed,
120, Lent shaeission 5 4 commouly obgserved nonlelbal fojury

ofM.en ausocinbod wiih Ploodin:s of the crown duaringe the prowing senson
(Kennedy and. Krinned jI.‘)’(}l, Harein of al. 1979).  Under stable pool coni-

dilions, trunk woeakening of youny, Lrees below Lhe walorline and

')Jl
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increused trunk diameter above the watcrlince have ulso been obgerved in
flooding experiments in California (Harris ot al. 1975). This is
followed by a bending of the trunk at the water level after the water 1o
deained. Fluctuating water levels probably avoid this problem, as

plants tested in field trials subject to seasonal water fluctuation at
Folsom Luke, Culifornia, showed neither increased stem diameter nor bend-

ing at the waterline.

Aquatic Vegetation

121. 'The establishment and/or control of floating and emergent
aquatic vegetation warrants menbion cven though it i not the primary
obJective of this work. (The intercsted reader in dircetod Lo Boyd 1971,
Tantz 1974, and Wenty ot nl. 197h, For detuiled treatments of aquatic
macrophytes.) Infestution of new reservoirs by aquatic vegelation is
usually cnsured by the fact that endemic species are capable of rapid
dispersal into and colonization of now impoundments (Boyd 1971). Once
cstablished, thesoe plants may become weeds thot interfere with boat
tratiic and shoreline sccess and cun spread downstrewn through rescervoir
releases,

122, The major fuoctors af'fecting the cstablishment off aquatic
vegetation wre waber depth, current fluctustion, wnve action, temperu-
ture, transparency, substrate, and water chemistry (Boyd 1971, lantz
19rh).  Tenby concludes that impoundments wibth switable chrracteristics
will support aquatic pleuts despite chemicnl and water managenent
techniques designed Lo control vegelation.,  Munoagement of water level
fluctunbion to cncouruge desirable plaats is the most effective approach
Lo controlling squatic plants.  Conversely, cstablishment of aguatic
yepetution is encournged by water management schednles that corraspond
to

3

she notural 1ite cyclus of the plants (Stanley and Hoffman 197h).  In
conJunction with manuging water fluctuation, the introduction of plants
that arce both competitive with weed species and innocuous G human
gebivilics can be a usetul approach to aquatic vegoelotion coatrol

(Tt 197N).

N
NG

e e

!
|
!
{
!

|
\
{
!

Lo T

mm s

lh [N P e i T S g

|
y
|



Impuct Assessment

123. 1In predicting the impact of flooding on vegetation, it is

diffi ult to runk factors uccording to the degree of influence they will

exert on survival. Over periods of one growing season or less, species
and plant size are probably the most important factors. A mature green

ash {Fraxinus pennsylvun:i.ca), for example, will probably be able to

roecover from any flood-induced stresses whereas o scedling of the sumc
species or o mature specimen of an intolerunt upecics mey succumb,
Yooger {1949) has illustrated puarticulurly well, however, that extremes
of depth and duration neutralize the advantages of phenotype and age.
For cxample, only M2 percent of 661 trees (24 species) sampled above
gross pool level died within b years of filling the reserveir. In con-
trast, W5 percent of 1ho trees (sume ol spu(:ius) in the mud zone and
93.% porcent of the 569 trees (same 24 species) in the water zone died
in the suame period. KEven species able to holerate floading to o consid-
craoble depth for a short period died when subjected to saturated soil
tor & yenrs. Water depth, too, seems to matter little if flooding is
prolonged, When tree mortality was examined ovecording to five congeon-
tive LO-in. depth inerements, Yeoapoer dound that in the 1= Lo 1L0-in.
cabegory, 90,20 percent of 2045 trees (16 species) wore killed by I years
ol conbinuous flooding. In the 31~ to ho-in. eatopory, 9%.1 percent of
W1 trecs (some L6 gpecies) were dead.,  Orly especinlly tolerant species

Tilke synmp preivel (Forenstion

L LG u) and block willow (".Vl‘ullﬂix_ uigrda)

were ahle to withostand the combined offeets of prolonged, deep flooding.
Yonger also demonstrated that for o wide range of species, b years of
looding at dititerent depths was universally lethal in all diometer
classes.

Lohe There wre tew models available For direct use in assesusing
the impoets off fLloods on woody vepcetation. It 1o possible, however, Lo
use empivical otudicn that dooument chanpges in permanently looded
forest communitics to provide eslimatens of mortality and growth over
Lime.  Studics by Gereen (W), Yerger (1989) ) Hall wud Smith (1995,

widd Broadioob (.'I{)f)(‘i) wore used wo holp proedict tree mortaliby resulbiug
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from flood surclinrge in the Schell-Osage Wildlife Area (U.
Engineer District, Kansas Clty 1973).

. Army

It is difficult to plncee confi-
dence limits around such predicticns hecause the uwgsumptions made in

adopbing dutu gathered on one location to another may not be valid. 1t

shonld be Ltroesued, however, that the spproach is reasonsble and may
provide quite useful informution.

125, Once out of the geographic runge of species whose flooding

performunce has been obrerved under icld conditions, it beccmes more

difficult to predict the impacts of tlooding. Thus, perhaps only three

o' Lhe Corpa! Divislons--the Lower Mississippi Valley, the Ohio River,
and the Douth Atlantic--have sufficient empirical data to permit a

tormul ived, quiatitative predicltion of the impacts on vegetubion. ven

in these Divisions, precise predictions nre confined to muture trees

vhile prodictblons of seoedliop and understory survival must remain on

coursce seale, "The Importance of further empirical studicn: to the art of

impuct prediction cuannot be vveremphuasized, cuspecially in those Divi-
sions lacking detuiled Cicld studies.
0. Bevernl examploes of approosches to dmpact aggessment are

available.  Probably Lthe most adegquote Lo dale Lo Lthat prepurced by Bell

and Johuson (197%) in conjunction with the Springer-Sangumon Iuvironmen-

tal Rescarch Progran, 14 ia Judged moust adequate, nol becausce the con-

coeptiual modet G puperior Lo gimilar models, but because il incorporatey

cxbensive empirical dobn on specles tolerance and occurrence in the

immediante locale. 'Yhese dabtn Cocilitebod the formulabion of reasonabile

assumphions for gpecics pertormance which, when coupted wibth ntoage-
Croagquency daba tor Lhie proposed projecl, were uged Lo predict, mortalily.

(14 i nol known 16 Lhe project was approved and, P so, how closely

hredicuad Tong corrcuponded Lo pealily. )  Gnekinges locad dola on specien,

Lhe next best sppronch would be Lo ase duta collected elsewhere Lo

rormulabe Lhie model ausswapbions.  Soch un approuch hes been used by Lhe

Minsourd River Division ot Lhe Corps mng doseribed above. A pood in-

Loprabion off both on wile surveys and exoropolabion off scecondary data
i provided by Lhe Wilwington Disbreicl (1975) Lo dociment the ef'foets

ol Lhe B, Dverobb Jordar Dan. Beeasse bhvis dnoan allor-Lhe- ool ghudy,

oy
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this approach cannot be directly applied to unconstructed projects.

127, Dumw and Day (197%) describe a method for monitoring environe-
mentul impact downstream from Deer Creek Reservoir southwest of Toronto
in Ontario, Canada. The method employs a fairly sophisticated technique
to identitfy nnd map vegetation cover types using permanent quadratbs.

The goul oT the authors ix to document long-term changes in the food-
plain vegetation presumably resulting from flood control. Such ap-
proaches are useful for calibrating predictive models, but are not iIn

themselves prediciive.

botablishment and Muintenance of Vegetation
Along Renervolr Shoreliney

Introduction

128. Botb the design of o clewring schedule Lo pregserve existing
vepetation alons shovelines off o new rodervolr and Lhe revepetation of
shorcelines of old rescevoirs require o detailed knowledge ot the sub-
strate, slope and exposure of Lhe shore, wator management roepime, and
plant speecics availuble ior use. Tt should be recognized that complete
gurvival will not be awchioved vince Cew gpecics are adaphboed Lo Lhe
drastic stresy imposed by vide scasonal or daily woater trluctuntions,  In
Light ot this ancertainty and he cout of revegelaling n veservoiv, il
may ve desirable Lo focus efforts in areas where Lhere in the preatest
chanee of nucecesn or in arcas accorded high priority for figh and wild-
Life habitat or public nccens. Despite Lhin word of eaution, Lhe
calablishment, of vegelation ror aecihetics, habital improvement,, Limber
production, and shoreline gtabilrwation is feasible. ven with the
meven rogionnl coverogee aammnrized in Lhe preceding seebion; there
nppenr to be ploants in most arcas of the country suited Lo virlunlly
iy purposc roqired by woreservoir projoect.,
Approaches Lo selective cubling
prior Lo new reservole construetion

129, Uhe practice of miniwizing the mwount off vepetatoon removed

prior Lo consbructing new rescrvoivs b Long been abbrachive,
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Unfortunately, early experiences with tree mortalily have led to the
routine removal of all woody vegetation below gross pool and often to a
surcharge elevation. (Such practices have been standard on Federally
licennsed power projects, for example.) As documented by Hall et al.
(1946) and Silker (1948), especially, it is readily apparent thatl many
tree speecies ure tolerant enough to remain in the upper reuches of
littoral and surcharge zones. Certainly in the Missiuasippi Valley and
southoasteorn U, 3. there are u number ot .gpecies that can be left in the
upper regervoir elevationt., Whoether there would be sufficient cover to
meel manugement gouls would depend on the floristic composition of the
gpeelfic site. At clevetions far below gross pool, the chancce that any
species will survive more than one growing season is greatly diminished.
Probubly the optimal plan would scet a contour below which all trecy

woulil he removed,  An iuvenlory of tree speecies and o vegetation map of

the area below gross pool, in conjunction with the proposed mansgement
regime for the reservoir, would be aidu in establishing this contour,

1300 Onee i reservolr is in operation, perlodice pruning and
sanitubion cutys may he neccssary in public use arcens. Flsewhere, leav-
i the lnevibable suags can be an asset to waberfowl., Tt iy only
realistic to anticipate inaudequute regeneration ol trees and the
cventual deeline of woody vegetation subJected to standing water. 'Thus,
artirficial rovegebation may become necessury even in reservoirs where
selecetbive cubling preceded construction.

Lil. DeBell (1971) conducted o study of stump sprouting of swamp
Lupelo (&ngi::Wvuhigg var. bitlorn). e fonmd Lhat hipgh glumps
(9% in. or more) sprouted vigorously while low stumps did not.  ‘Phis
supgosbs Lhe ponsibility off Leaving high stumps of this species in deep
wabor arcas in hopen of egtablishing: fish habibal.

Goalys and methods of
urbificioal revegetation

130, There is no conceptuel difference bebween the mothods ol
plant, ing in drawdown zones nd pracbices employed by horticulbuelints,
foresters, wildLite manugoers, and Farmerse Indecd, the mebhods of

propagabion and esbablishment arve common to nll off Lhede.  However,
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ingbend of bLeing faced with a simple gowl (pulp production, for exumple)
and o small variety of pedigreed seed or planting stock available
commercially, the reservoir manager is faced with an array of non-
domesticated plants to it a variety of needs. Many of these plants are
now uvailable from o nurcery und will require field collection und
propagation if they arc to be used. However, a large number of specices
(especinlly tree species) nre available commercially as sced, bare root,
and contuilner stack.

133. 'The purpose of this sceetion in not to devail speeific pluntu
for specific management goals, this is best decided by individual
reservoir managers. Nellher is 1t to deseribe general propagation and
plonting teehuigues. Ruather, the purpose is Lo provide examples of
revegetation teehniques that have been applied to reservoirs,

134, 'The orgonivstionsl rformut of the next few purngraphs treoats
specics and technique ans subsidiaries of management gwonls.  The ponl
moust frequently encountered is the Improvement of habitat for wildlifre
and Figh,

135, Wildlife babitat jwmprovement. ‘The preservation and improve-

ment of wildliCe habital are common gouls of reservoir revegetabion
ci'forba. Waberrowl arc usunlly the explicit tarpel for improvement work,
Lhough overnll wildlife diversily and denstly nee enhaneod by shorceline
veroelation as well,

136, Jotmsgaed, (L950) nandyred bhie erleclks of arbiricinlly in-
diuced woalor Cluctnabions on avian popnlations o nabural potlolen in
Washiwrbon sinbe,  llo Found that, bird specien Lended Lo ovceupy apecific
stupes In vegoetatlonal sacconiion,  When the slage was altered, bird
speeilon were digplonced,  'Phis s perhapn scelit'-cvident, bubt Lhe el Ghal
bhe manipulntion ol waler loevels determines the nature ot Littoral
verebotion, which in burn detormines watoerfowl popnlotions; underseores
Lhe need bo have o cleor widldlire mopogement. plan du mind baelove cnbab.
Linhinge shoreline vesolalion.  When walerfowl manspoment has beea o
primary ndim, Lhe common Gechndgque hoas dinvolved planting forage crops

duringe Lhe spring and gummer deawdown poriods and ol Towings Lhe planting:

to be rlooded doring Pabl migrabion,  Millet (.!'.:_‘"‘-_j;“”"l_’_li’ii eruspgnlli vor.
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Crumentucen) is often preseribed for this purpose (Wilson and Landers
1973) since it is planted Trom seed, which makes it well switod tor
vepetating larvgme arens,  To the #0101, the sceed heads provide tfood for
walberfowl. A major draowback is that the crop might need Lo be reestub-
Tighed each o yenr, althovgl it may seldseed.

137. Other herbaccous specles used by Wilson and Landery to

improve waterfow! habitot were big bluestem (Andropogon gerardii),

yoellow nob grass (Cyperus esculentust), switchgrass (Panicum virgatum),

reed cunury prass (Phelaris arundinacen), pinkweced (Polmronum

pensylvanlcwn), and wild rice (4izunis aguatica). All of these were

(2

apparcutly sown by hand in the moist shoreline mud s the water recedeoed.
By plunbing in four stoges through the month o June, instend of

single plouting, favorable seedbed conditions were onsnred Chroughout

the entire planting arcw.

138, A more intensive level of managsement, B0 deserihed by Barstow

(1965).  vhullow (18-iun.) sublmpoundments were creatoed around two

Nennessee roservoirs and were planted with o varieby of commercial crops

('Puble ) uwsing convenbionsdl g Leulbural mebhods,  These subimpoundments

Mable 2

Gpecices PMlanbod in Teuncessee Subimpoundmoent,

(Irom weslow 19045)

Lrain Crops __Nrowse Croprs
corn Wheoent,
Biiekwhoent, Anmud!l vye poeasig
Mi Lo lvdito elover

Goermon millet,
Japanege milicet
Brownbop mi Llofb

Noble:  Seloenbific nowed weee nol provided In
the original souree,
woerr hopl dey duciage Lhe gpring and cummer and were Plooded by Ghe
socowd weok of November to coinelde wibh waboriowl mimeabion:s.  'his
approach could be adaplbed Lo rescevoirs with o shatlow shoreline grandi-

onl where Lhe wobor maprygcomend, sehedile in oynchronized wibh fol)

(s
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waterfowl. migrations. Because the plants used are all annuals,
reseeding would also be necensary.

139. TFish habitat improvement. The improvement of fish habitat

is not nccessarily ineonsistent with waterfowl habitut improvement, but
ig difterent in several respects. TFirst, instead of concentrating on
forupe, It is largely directed at providing suitnble cover for young
fish. GCubmerged shorelinc vegetation has been shown to signitficuntly
inercase growth and survival 1n buss fry during the tirst 3 months of
Life, presumably by harboring food organisms and providing cover from
predators (Agens and Elliott 197%). Beecwuse this requires that plants
be flooded during bhe spring and swneer, annual terrestrial. plants
generally ure not sultable unless ane is willing to o plant annually.
Either Lrue aquatie macrophytes or (Clood-tolerant terrestrial perenniuls
ure reyuirod,  Becond, plantys selecled Tor fish cover often will not
produce seed of valuce to waterfowl. "Thus, 1f both figh und wildlirle
habitat dmprovement is desired, different npecics willl have to serve in
complementinry rotes,  IMinally, wheroms woloctfowl food con he provided by
annunl plants that do not nced to be flood tolersnt, plants providing
cover for PFish must be able to withstand both tClooding and drought and
ideally would be self perpetuating.

LhO.  Wilh this prelude, it is discournging to reporet. thato Little
sieecsn hag heen achioved o astompls Lo lmprove Udsh hoabital in reu
ervoirs wibh Fluctunling water levels, A major roansci 1o that Cluactuat-
figr wober Tevels climinele percnnlial aguabic vegetabion beneficial to
tish (Hestand and Carier L1973, Wilson and bandersg L9773, Uarris aod
Balmeyer 1976).  YThis is coused by the mec nndeol Cnetors of wove nelion,
the removal of embayments and saibtable cobutrate (lurris and Iishmeyor
LO(6), nnd the physiological and reproductive regquirements of aguabic
plants,  However, several promising specics und techniqguen have been
Identified by Lhe Culitfornia Department of Mish and Game and the Soae-—
rnmento District, Corps of Eogincers.  The Calitorula Department of Wish
and Gume has used willow walbling in the upper reuches of' thoe drawdown
zone.  The gpecles wsed ip probably Dalix goodingii, though many specics

wonld work cqgually yell.,  The walbling consisbys ol cipne—=shuaped bundle:
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ot willow wands 6 te 8 ft long, which are staked and shallowly buried in
rows parullel to the slope contour. (A full deseription of the tech-
nique may be found in Leiser et al. 19T4.) The stems root and send up
new shoots, which create brushy thickets in one season. Once estab- :
lished, 8alix goodingii is especially {lood-tolerant and individual
plants have been observed to leaf out after 4 years of continuous Tlood-
ing in over 50 ft of water. The planting mecthod requires that the

reservoir be drawn down and that the plants recelve ndequate water
during the period of establishment.. Affer the first pgrowing scoason, the
plants will probably be able to obtain water from deep roots during
suwnmer drawdown.

141, DButtonbush (Cephalanthus occidentalis), another shrub with

“ rcemarkable flood tolerance, has been propagated from cuttings in the
drawdown zone of Tmke Oroville Tine Flot Reservolr and Millerton Lake,
Culifornia, by State Fish and Guame persounel. and the Corps. Tt roots
easily, survives both drowght and {looding, and provides pood cover faor
tish.

142, Perhaps the most impressive effort hes been conducted by the
Coadifornis Deprrtment of Fich wand Game wsing lady's thumb (Pulxgoqgg
l!??j““riﬂ)' This plant, when grown under thesce conditions, is a
suffrutecscent perennial that develops hollow, floating stems when
{Jooded. It survives under 80 £t of water and hou nlso withotood
2 yenrs of dewntering with no maintenance in a central valley Califor-
nin recervoir,  Tnitinl establicshment is achieved by inscerting sections 1
oft stem containing ol least one node several ionches into the soll, F
Higher survival could be achicved by propagubing in bLhe greenhouse, bul
adequate results have been obtained ucing unrooted cuttings., After

INooding for one growing scuason, each plunt can be used as a center for
& [ J 9 I

establishing a clone. The receding water deposits the floating stems in
- : o plle where they will die back prior to rencwed sprouling {rom the
roobstock, T n larger stand is desived, the stoms are untaugled and

sproad ou . oaround the pavent plant.  The stems root at the nodes, pro-
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viding @« much cnlarged pateh of lady's thanb,  Tody's thumb may become

633

vl nad o %

r——



& noxious weed, however, and its introduction to new areas should be
undertaken with caution.*

143, The effect of these three species (Balix, Cephalanthus, and

Polygonum) on fish populations has not been analyzed quantitatively, but
visual estimates indicete that fingerling densities are much higher in
the vicinity of cxperimental plantings than in other areas of the
roservolrs,

1Lh, It i¢ especially encouraging that these species, and other
memhers of these genern, are widely distributed in North America., ‘They
show excellent potential as tools for improving reservoir fisheries and
deserve more extensive trial elsewhere in the country.

145, Additional management goals. Management goals that are

often given lip service but rarely sbudied include the maintenonce of
nonthotics and honk stobilizotion.  The Ciral 1o nel o popular ores of
stuwly becouse it is subjeetive and voriable.  Under the calepory of
habitat improvement | it is gencrally assumed that any growing plants ave
belber vhau none, .o the treolmenlt will nuburally provide sesbhelic
benetfits.  TH ds obviously an arco where regseurch i1s needoed to compure
large-~ and small-scale projects and Lo balance the choices apginst
public opinion and need. TFor example, is it preferable to revegetate wun
entire drawdown zone in an annual groass or to establish o few groves of
peremninl trees and shrubs in selected locations? Both approaches arc

possible and the optimm mix will probably be determined on n casc-by-

MG, The control of shoreline erosion Lhrough the use of
vegetbation probably will be successful only in arcas wheroe erosion 1o
not a serious problem, or wherc vegoetation is used in conjunction with
erngineering structures, such as rvevebments.  Arcus with stecp gradient:s,
unstable soil, long wind {fceteh, and heavy wave wction are notorious for
destroying vepcetation, und the conventional wisdom diclntes aganinst

gpending money to vepgetale such siten,  Tn planning new reservoirs, o

¥ porsonsl communicabion, May 1970, J. Slecle, California Deporbment
ot IMish and Game.
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knowledge of the physical site characteristics can be used to shape the
rhoreline to a stable grade prior to flooding. In this instance, pre-
flood plantings would undoubtedly help retain the stable gradient and

reduce shoreline erosion.

147. A goal ancillary to both erosion control and fishery improve-
ment is the reduction of turbidity. Keith (1967) describes the use of
gsorghum planted in the drawdown zone to achieve this end. Reflooding
the shoreline vegetation results in the dcath and decay of the plants.
The concomitant electrochemical reactions bring about the flocculation
of suspended fine particles,

148, Experimental. planting techniques. 91he planting techniques

described thus far may be summarized very succlnelly: hend seeding,

tractor seeding, and hand dispersal of vegctative pr.. .les, Several
unique techniques have been studied by Fowler and Hanmer (1976) and are
especially attractive for the seeding of large, inaccessible areas.

They tested barge hydroseeding, hovercraft seeding, and helicopter seed-

ing to establish Italian ryegrass {(Lolium multiflorum) around Tennessee

Valley Authority reservoirs.

The methods were successiul for seeding
mud flats where even hand seeding would have been difficult. Because
Fowler and Hummer's study is both timely and germane, pcrtinent data

are provided in Table 3.
Table 3

A Cost Compariso. of Inundation Zone Seeding Techniques

(after Fowler and Hommer 1976)

Por Acrc Production Cost, §

Seeding Acres/ Crew  Equip-
_Pochnigue  Day  Size meul  Tabor* Seed** Tortilizert Totul
Aquaseeder 90 3 0.10%+ 1..13 5. 00 12.00 18.23
Air cushion v

vehicle Q0 2 0.13tHF 0.76 5.00 - 5.89
Helicopber 1000 3 0.52% 0.07 5.00 - 5.59

*  Computed wl 4.25/hr,

¥%  Ryegruss sceded at 20 1b/ocre ($0.25/1h),

T 6-12-12 applied at 200 1b/acre {($0.06/1b).

T+ Fucl and maintenance only. ;

Mstimated at 6 L aetusl szeding per day ($65/hr plus $130/day).
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149, All three methods were used by lsmmer and Fowler to estab-—
1ish s temporary cover of vegetation; however, with prudenl selection
of species and area of application. diverse, self-perpetuating plant
communities could be established.

150. Wentz et al. (197h4) huve compiled an cncyclopedic treatment
of goals and methods of marsh plant establishment for the Corps of
Ingineers., The interested reader is directed to their work for detnils

regarding plants adaptable 1.0 large-scale seeding operations.

'

Flood-Tolerant Vegetation in Corps of
Engineers Divisions

Introduction

151. The following paragraphs summarize thce research pertinent
to flood-tolerant vegetotion for each of the ten Corps of Engineers
Divisions (Iigure 1). Included are both applied research into reservoir
revegetation and phytosocialogical rescorch thot deols with Lloodplain
vegetation and similar flood-pronc areas. ‘'the aim is to arrive at a
list of enecies ranked according to their relative tlood tolerance for
each region. Where appropriate, the lists are extracted from a singlc
gource in an eitort to preserve the original Jjudgment of the author.

In cases wherce studies were limited to a few specics or where the

data were nol directly interpretable as relative ‘«lerances, composite
lists were agsembled. Where composite lists are included, supportive
dats, from the original sources are included in the appropriate
appendix.

152, 1In comparing the tolerance 1lists from the various regions,
differences in rank order will be noticed. This is a function of the
originai data, which dincorporate the blases imposced by local site con-
ditions, ecotypic variation, and study design. The inconsistencies are
preserved to give a realisiic approximation of the runge of responses

likely to be encountered. It is intended that the regional lists be

used to complement ewch other,
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Lower Mississippl Valley Division

.

153, 'The Lower Mississippi Valley Divigion dis fortunate that
flood tolerunce hay long been of interest to foresters and ecologists
working with Iloodplain lorests along the Misusissippi River. Accord-
ingly, there is extensive literature concerning flood tolerance of trees.
The tact that [Jooding has been o Factor exerting selectivre pressure on
plunts over evolutlonory time hoas resulted in a numbe. of lood-tolerant
nulive species.  Tn all, 60 specics of trees and shrubs have been
degceribed in the literoture with regourd bo their abiiity to endure f{lood-
ing. Of these, 21 species muy be regarded as tolerant or very tolerant
ol' [looding. The relative tolerance of the 60 species is given in
Table b, Though the clagsitication o only relulive, bhe proups may be
interprotod an follows:

a, Very lolerant — able to survive deep, prolonged looding,
for more than 1 yonr,

b, 'Molerant - nble to survive deep Plooding for one growinge
songon, with sdpnitionnt morlolity occevrr i 40 Flood:
ing is repeated the Ctollowing year.

¢, bHemewhol tolerant — able to survive {looding or
saolurated soils for 30 conscceutive days during Lhe grow-
P sonson,

d. Inloloranl — unable Lo survive more bhan o fow days of
'Looding during the growing scuason without sienificant
morhbality .

190, These rabings are based on the reported pertormance of
matbure Lreos and will obviously vary wilh changes in Lhe loenl onviron-
mente.  or o detailed synopsis of rosearch on cach species, see Appoen—
dix A.

Misnourd River Division

t5%,  The Missouri River Divigion encompasses s lavge portion of
Lhe Greab Plains and, not surprisingly, the emphasis in [lood tolerunce
reseaich has been on nonwoody specien.  However otudicn by Peterion
(ron), Toueks and Keen (1973), U. S, Army Enginecr Distriet, Konso:s
City (fl_f)'{_"%), Brunk eb al, () f)'{f'i), and Stanley and Uoifman (19'75) have

yielded valuable iunformation oo o 1imiled number of brees and shrubs.
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Tahic h

Relative Flood Tolerance, Lower Mississippi Valley

Common Neme

Water hickory
Pecan
Buttonbush
Swemp privet
Green ash
Water locust
Deciduous holly
Water tupelo
Water elm
Overcup oak
Nuttall's ocak
Black willow

Bald cyproess

Red maple
Sugarberry
Hackberry
Persimmon
White ash
Shingle ouk

Pin oak

Scientific Name

Very Tolcrant®

Curyua uquatica
C. illincensis

Cephalanthus occidentalis

Forestiera acuminato

raxinug pennsylvanica

Gleditsia aquatica

llex decidus

Nyssa aquatica
Planera aquatica

Quercus lyrato
Q. nutiseldlii
Salix nigra

Toxodium disticlnum

Tolerant**

Acer rubrum

Celtis laeviguta

C. occidentalis

Diovspyros virginiann

IMeaxinug smericuann,

Quercus imbricaria

Q. palustris
(Continued)

*¥ Very tolerant:

tlooding for
*¥¥%  molerant:

able to survive deep, prolonged

more than 1 year.
able to survive deep [looding for

one growing season. with sipgniticunt mortality
occurring if Clooding is repeated the Following

your.

(Sheel, 1 of 3)
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Table b (Continued)

Common Name

Scientific Name

Tolerant** (Continued)

Sweetgum

Cottonwood

Somewhat

Liquidambar styraciflua

Populus deltoides

Tolerantt

Box clidcer
Silver maple
Hazel alder
River birch
Hawthorn
Honey locust
Americon holly
Black gum
Sycamore

Gwamp white oak
Opanich oak
Bur ouk

Water oak
Willow oak
Winged elm
American elm

Red clm

Acer negundo
A. saccharinum
Alnus rugosy
Betule nigra

Cratacgus mollis

Gleditain trisconthos

Tlex opaca
Nysga sylvatica

FPlatanus oceidentalis

Quercus bicolor
Q. macrocarpa
Q. nigra

Q. phellos

U. americana

U. rubra

(Continued)

¥¥  Tolerant: able 1o survive deep (looding tor
one growing scason, with significant mortality

oceurring T flooding i

year.

T Bomewhat tolerant: able to survive flooding or

saturated soils for 30
the growing scason.

g repeatoed the following

consecutive days during

(Sheet: 2 of 3)
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Table 4 (Concluded)

__Uommon Name

Ironwood
Bitternut hickory
Shellbark hickory
Ghagbark hickory
Mockernut hickory
Redbud

Flowering dogwood
Kentucky coffee tree
Black welnut

Red mulberry
Shortlent pine
Loblolly pine
Wild plum

Black cherry
White oak

Black jack oak

Red ok

Shumard onk

Past onk

Black ook

Dalsntrag

deientific Nome

Intolerunttt

Carpinus caroliniina
Caryn corditormi:;
C. lacinosu

0. ovatn

C. tomentosu
Cereis cunadensis
Cornus florida
Jugluns nigra
Morus rubra,

Pinus cchianatu

V. tacde

Prunus umericuna
L. seroting
Quercuy nlba

morvilendica

-

Q. rubru
Q. ;311(1.;71:17,'gli,i:w
He sibellotn

Q. velutinn

Sansafras olbidum

T Intolerant: uuoble to survive more than u fow

deys ol floodingg during the prowine sonson
without significant mortality.

(¢heet 3 of 3)
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Table Y Lists bthe species by relative Tlood toloerances Cuammarics of

rescarch can be found in Appendix B.

L0, Several studies warrant special mention as they pertain Lo
establishment and successional dynamics.  MeGrogor and Volle (19%0) con-
ducted o study off Invading plants in bhe drained beds off Lake Tonganoxice
and Lake Fegoan in Kangsas,  In the firob year ol exposure, 99 specics
representing 3% familics invaded the lake beds (Table 6 lists these
spoecies ), Pew woody specien wore found nmony; the colonwivots, Lhough
Loolated individuals of' blackJuck ok (.tguo,rf(-u:;. _IV("I,PL]_LIH_‘E‘&)‘ but Lonbueh

(Cephalonllms oceidentulis), and cottouwood (Populus deltoides) were

reported. It i1y impressive that o diverso assemblage of both amuad and
peremial herbs eontabliched iteell D I year,  he popsibililLy ol pro-
viding seasonn] shoreline covoer duwring; drawdown periods oo viable
opbion for rescrvole mansgers wanbing to mitignte Lhe viguad impacl of
barren shorelines.  Stonley and Hof e (IE)'(’I, LU, 1LO77) provide
cncourngringe roswl by indicaling Lhe Peasibi ity of estabilishinge sbands
ol seasounl. vegetabion by planlingg sceds and vegoebalive propapgulos,
Tabloe ' swnmarizes the most succensful specios and planl ing recommoenn-
dation: resulbing Crom thedre stoadicos. Sltonley nnd Hotiman also stoadicd
Lhe ericets o applyiw:s o complebe Fertilizer to plobs of aalural shove—
Line vepetation.  Vertilizer -inerenscd biomass by up Lo 10 percent and
resulbed in maJor chanros in specices componition (Gtanley and Hofrmoan
LO7f) . Phe remlbs of theie fovbilizer Leinls aec swmarized in

Table 8,

157, Vepotation colonizing drvawdown vonc: may persist ffor coyeral
yoars i reservolr Cluctuntion is Poavorable (:;'liﬂ.l_l“"y and Iotrman 1977).
s corroborates carlicr Pindings thot sced Crom o varicty of domesbi-
caled herbacoous anmils can gorminate alter Clooding: (MeKensice ol wl.
1909),  Table 9 prosonts Chose carlice resulls.

158, The prospoeels Por establisbing herbuceous vegelation oround
renervoirs are good, copeelally A0 maintenance ef'Torls arve procticed on
a vy arly basis., The cvidence supgests bhal sceeding from boats may be
poss ible in arcas where substroate and wave aclion are favorablo,

159, Studics o the dynomdcey of natural succession have providoed
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Table 5 )
Hpecies Tolerance to Flooding, Misgouri River Division |
, SRR i
Common Name Scientific Name i
!
Very Tolerant®*
Willow Salix spp.
Bald cypross Taxodiuwm digtichum
Tolerant ¥
Box elder Acer negundo
Dilver maple A. saccharinum
Peenn Carye illinoensis l
Green ash Fraxinus pennsylvandon |
N Uycamore Platunus occidentnlis :
Cottonwood Populus deltoides
Pin onk Quercus palustris
pomewhat Yolerantf
Huwlbhorn Cratinogas spp.
Honey Loceust Lrincanthon
Swamp white onk Quercus: bicolor
) Buar oak Q. maerocarpu,
Amer lean clm Ulmnag: cunericonn,
Intol crant bt !
‘ Bittoernut hickory Caryn if'ormi
B (Continced) _
* Very Loleranb: able bo survive decp, prolonged
flooding ror morce than L year.
¥ Uolerant:  able to survive deep flooding for one
groving scocon, with significant mortality oecur-
- ring if (looding in repeatoed the rollowing year. ﬁ
T Bomewhai tolerant: able bo survive flooding or ;
saturated noils for 30 conteculive doys duriog Ghe ,}
Zrowing sendson. ‘
T Intolerant: unable Lo survive morce Lhan o fow J
days ot flooding during the growing scason without !
sipmificant morGality. i
. !
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A
1
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Table 5 (Concluded) ‘

_ Common Name Seientific Nume

Tntoleranttt (Continued)

Shellbark hickory C. .lueiniosn 1
Hackberry Celtis occidentalis |
Black cherry Jrunus serotina }
Snowberry Symphoricarpos occidentulis

Tt TIntolerant: unuble to survive more thun a tfeow
days of fleoding during the growing scason without
significant mortality.
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Table 6

Planty Colouizing Nrained Lake Beds in Kungas

(After McGregor and Volle 1950)

Common Name

Water willow

Carpetweed

Water plantain

Duck potuato

Water hemp
Plgweed

Pigweed

Hogweed

Glunl ragweed

Shining sumac

Bitter cress
Peppergrass
Yellow cress

Yellow creas

Water starworl

Lale spike lobelia

Venus's looking-eluss

Veniis's looking--glass

Scientific Name

ACANTHACEAR

Justicin americana
AIZOACEALE

Mollugo verticillata
ALISMACHALK

Alisme subcordatum

Pagittaria latifolia
AMARANTHACKAL

Acnidy Lamariscing (= Amaranthus t.)

Ampranthun hybridus

Amaranthus retroflexus

AMBROU IACHAL

Ambrogsia elatior (= A, wiemisiifolin)

A, trifida

ANACARDIACKAL
Rhus copullig

BRASOTCACHAT

Cardamine parvillors var. wrenicola

Lepidium densitlorum

Rorippo islandica var. Lispida

R, sessilillora
CALLIRICHACEAL
Callitriche heterophylln
CAMPANULACIEAL,

Lobelin spicata var, Jeplosbnehys
Hpeculuria Leptocarpa

(Coutinued)

(Sheet ) oor Y)




Table 6 (Continued)

Common Name

Sleepy catchily

lamb ' quartors
Jerusalem onk

Winged pigweed

Mayweed

Heath aster
Nodding beggarticks
Devils beggarticks
Reppravtichs

Golden aster
Yerba-de-Tajo

Daisy ileabaue
Purple cudweed
sunflower

Musda Liau suni' Loger

Caroling nlase dandelion

lvylead morninge ¢lory

Morning pglory

Ditceh glonecron

Spikerush

Seientific Nome

CARYOPIIYLLACEAE
Silene antirrhina

CHENQOFODIACEAL

Chenopodium salbum
Cyclolomu atriplicifolia
COMPOSITAL

Anthemiy cotulu

Aster cricoides

Bidons cornug

B. frondogu

L. polylepis
Chrysopsis pilosa
eliptu albu

Erigeron strigosug

Gnaphilivum purpureun

Helinnlhus annuuas

I, muxiniliond
Pyrrhopappun carvolinionug
Theleopermy brilidum

CONVOLVULACEAR

Ipomoeu hederacen
L. lacunosa
CRAGGULACAT

Pevbhorum sedoides

CYLIRACEAT
Bulbostylis copillaris

Tl oocharis obtusa

Cyperus acuminatig,

(Continued)

Lm0

(Gheet, 2 of" 5)
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Table 6 (

Continued)

Common Name

Yellow nut grass

Sedge

False indigo
Jupanese clover
Yellow nweeteclover
Wild bean
Bluckjuck onk
Geranium

3t. John's wort
Rush

Hush

Rush

Rush

Bugl eweed

Velvet Leal

" ower—-of-un-houwr

Scientific Name

CYPERACEAE (Continued)
C. esculentus

Cyperus inflexus
FABACRAF,

Amorpha fruticonn

Lespedeza striata

Melilotus officinalis

Strophostyles heivolua
TAGACEAR

Quercus morilandica

GERANTACEAE

Geranium carolinianum
HYPERTCACEAR

pre'r:i cum mutilum
JUNCACENE

Juncus dJdiffusissimus

J. interior

J. marginatus

Jo Lorreyi

LAMIACKA

Lycopus americanus
LY THRACKAL

MALVACHTAL

Abutilon theophrasti
Hibiscus {rionum

NAJADACHAL

Naiad Nujas guadslupensis

(Cont

inued)

(Sheet 3 ot b))
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Tuble 6 (Continued)

- Common Name ) Scientific Nume
ONAGRACEAFR,
Evening primrose Oenothers biennlg
Evening primrose Oenothera laciniata
Sundrops 0. linifolia
OXAT,TDACFAN
Sorrel Oxalis europsea vur, bushii
POACEAR
Ticklegrass Arrostis hyemnlis
Brome grass Bromus Japonicus
Crab grasns Digitariu sanguinalis
Buruyurd grass Echinochloy crusgalli
Twve grass Erngrontis poaeoides
Junegrass Koeleria cristata
Rice cutgruss Leersia oryzoides
Owitchgrass Ponicum V_}_Eg_zg_mxl
IFoxtail Setaria glouca
Corn Zes, muys
PT.ANYAGTNACEAT l
Bracted plantain Pluntago aristatu
Houry plantain D, virginica
POTYGONACTA T
Knotweed Polygonum aviculare |
Pole smartweed r. m@g-ow
Penusylvania smarfweed r. pensylvonicun
Red sorrel Rumex neetosel In
Pale dock R. wltissimug
Curly dock R. erispus

|
=

PORTULACACEATR
Common pursleane Portuluca oleracen

((,'()11’[;.1',1111(—3(1)

P ——
[rv PR g

(sheet b ot 1)
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\
fable 6 (Coraluded) f
jﬂf‘ Common Name ] Scieptific Name
mﬂj’ PANUNCULACEAE
Ny ’ Cursed crowfoot nanunculus sceleratus
iffq RUBIACEAE
Buttontush Cephalanthus occidentalis
Buttonweed Diodia teres
- SCROPHULARLACEAE
i Conobea multifids
%ﬂéﬂ Toadflaz: Linaria texana ‘
e False pimpernel Lindernis anagallides
.

I
- v—

Bacopa rotundifolia

i
:'I, Veronici- peregrina var. xalapensis
L SALICACEAE
Cottonwood Populus deltoides
oo SOIANACEAE a
Lf Grovad cherry Physalis virginiana 5
o o
) . Buffalo bur Solanum rostratum
¥ TYPHACEAE
a Catta’l Typha latifolia i
]
i
, 1
“ b

Ul AN

A

i
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Table 8

Response of Shoreline Weeds to Fertilization

(After Stanley and Hoffman 1977)

Common Name

Scientific Name

Strong Positive Responge*

Lambhsquarters Chenopodium album

Kochia Kochia scoparia

Positive Response¥*#*

Quackgrass Agropyron repens

Marsh elder Lva xanthifolia

Fowl meadow grass Poa palustris
Knotweed
Bushy knotweed P. ramosissimum

Russian thistle Salsola iberica

Field pennycress Thlaspi arvetise

Negative Responnoet

Foxtail barley Hordeum Jubsatum

White sweet clover Melilotus

alba

Yellow sweet clover M. officinulis
Curly dock Rumex. crispus

*

Opeciey dncrcased in percent covor on at
least three of seven test plols.

Species lucreased in porcenbt cover ou one o
two of seven Luest plobs.

Opeeies decreaged in perecnt cover on one Lo
Live ol seven test ploty,

%
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1

gome insight to the factors limiting specles survival on ilood-prone i
- . . . . L ; ; 1
aites,  The germination and seedling states are especially vulnerable !

to environmental perturbalions. Around reservoirs and on {loodplaius
these perturbations are most commonly vicwed as belng reloted to excess
water. Wilson (1970) prescnts findings thal suggest Lhat drought plays
a large role in determining which woody species may become esgtablished
from secd. In a gtudy of floodplain forests in South Dakota, the Tirst
sthage ot woody plunts 1s dominated by willow (ﬁglig_spp.). During this
stage, the surface soil is characterized ns being xeric (dry). Willow
ntonds detoriorabe alber 15 years aund are succeeded by cottonwood
(Populgﬁ»deltoidcg). Additions of organic material to the soil and
shading of the soil create a mesic habitot that favors the invasion of

green ash (Fraxinus pennsylvanica), box elder (Acer negundo), and

Americun eolm (Ulmus americana)., Whether one subsceribes to such u

shricet successional scheme or not, the point is well taken that moisture

at the soil surface can be crucial in the establishment of both natural

and planted vegetation.

New Bogland Division

160, There io o paucity of flooding research in the Neow Fuglood

T e R

Division, presumably becoause Ploodin; is not o conspicuous foactor

cxerting pressure on natural vegetolion. ‘''his is unfortunate beeause

mieh ol the New lngsland Tand

i osubJecet Lo periodice inundation
resulbing Lfrom spring runol, beavy rains, and poor soil conditions.
Only rceenbly has Lhere been popular recognition of the importance and
cxtent of webloud commmuitics, as witoasnsed hy Lbhe pastopce o protective i

lepislation in several staben.  Tnlerest in webland apd Plood-Lolerant

verobation will undoubledly inercase as the demand for practical moanogse

e

ment ol woblands inercoases.,

e —i - na S i
s AL A i ke L 0 T M

161, In bthe interim, only one study (MeKim ot al. 197%) has

fmmed Lote practical application Lo the moatter of vovesetalbingg ro

VO

shorelines.  lowever, Lwo other studics deserve meotion:  bhe Pivot is
Tabior's very brict 1902 review entitled "Efleets of lnundabion on
1

Moo Lhe second in Falebairnts (1orh) dissortation, "Eavivomnental
* k]

Imonel, Pvagdoakion in Meeshgaber Depoundaenis by Vopelation Anatysisg of

8h

B e . et

[




the 'Mercestrial Teosystem.'  Most of the data

not by speeies, bub by Raunkioor Lite rorm olasei fientlon (Rounkisesr
1934).  ©pecies toloranceu

162, MeKim's (197%) study  nds speceifically with domnse Lo nab.
ural vegeltation around New BEngland rescrvoirs resultinge from o 1ood
Juine aud July L3,

i
txtensive data are provided for Franklin Falls and
Ball Mountain resecvoirs where floodwaters crested as high ae 58 £t over

the root crowns ol matwre btrees for 90 hr.  The total reriod of inunda-

tion over all dopths ranged tfrom 8 to 15 days. The conclusions resched

are that silver maple (Acer saccharinum), red cak (Q&lercurL 3'ubru), big-

tooth aspen (Populus grandidentatu), basswood (Tilis americung), and

hornbeam (Carpinus curoliniana) were able Lo survive the flood.

White
pince (Pinus Ei;robus), quaking aspen {Populus tremuloides), red spru o

(Pices rubens), hemlock (Usugu cunadensis), and birch (Betula spp.) were
most sensitive to flooding,.

Table 10 summarizes the species according
Lo tolerance. Mortality data are clabourated in Appendix C¢. It is rece-
ognizad thalt the Lolerance List includes only o limited number of native

gpecies for which data oxist.  Information concerning other nutives (or

nonnatives suitable Tor plantiiy:) may be Cound in swmarics for the other
regions.
North Atlantic Division

163,

'ne North Atlanbic Division ig sparsely represcented in the
Literatur: of "lood kolerance, but several worlihwhile papers provide o
solid foundation Cor assessineg divirercatial Lolerances amoryr speeico:

Hosner and Leat (1960) conductod Jaboratory oxporiments comparing it -

ent abnorpbion and growlh of Ih native bottomtand hurdwood specidern.,
Cupronl, yoeor deed Ling: were subjected Lo 00 days of Tlooding to the root
collar between 27 duly and 27 Seplember . Apparcently all secedlings sur—
vivoed, sueestbing o fairly hipgh bolerance in alld cpecicos examined,
Baged on growlh and mrtricent absorpblou, Ghe specices were ranked wsecord-
ing Lo Lheir rolabive Lolevraneo:s (oo Pable L1). LU in dnbercsting to
notc that, performancce

in not alway:s Pioked to the ability Lo prodace

advenbibiouws roobd, bul seems eabbhor wore clogely corrvelaboed with Lhe

abilily Lo maintain LChe oripginel rool nystom.

gy

ioothe latter arce exdpressed

ot be extracted from Feivhoadtcpn's teonbmont,

e

= it a ke Sk
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Table 10

Species Toler:iuwca to Flooding, New England Division

Commornl Name

Scientific Name

Black willow

Red maple
Silver maple

Bluck alder

Red oak
Bigtooth ascpen
Bagswood
Lronwood
American elm
Hop hornbowan

While ash

Very Tolerant®

Sulix nigra
Tolerant*¥*

Acer rubrum
A. succharinum

Alnus glutinosa

Slightly Toleruntt

Quercus rubra
Populus grandideni ata

Tilia americana

Curpinus caroliniana

Ulmus americana

Ostrya virginiona

Froaxinus americonn

(Contimued)

# Yery tolerant: cble to swurvive deep, prolonged
Tlooding Cor morce than 1 year.

**  Polerant:

able Lo survive deep flooding for one

growing secason, with significant morlality occurring
il flooding is repeated the follouing year.

I Gomewhat tolerant: able to survive flooding or
nuturated goils for 30 consecutive days during the
Crowiine seasoun.

sl




Table 10 (Concluded)

Common Name

Sugar maple
Yellow birch

Papoer birch

Intoleran 1_1:_#_

Scientific Name

Acer saccharum

Betula alleghanicnsics

B. pa pyrifera

White birch B. populifolia
American beech Fagus grandifolia
J , Red spruce Pices rubens
b White pine Pinus strobus
Quaking aspen Populus tremuloides
Black cherry Prunus serotina
White ouk Quercus albn
Chinquapin oak Q. muehlenbergii
Lastern hemliock Tuuga cunodensis
1
J
I
|
¥
i
j
{
o Intolerant:  wunable Lo survive more than o Pew duy ,
of” flooding during the arowing sceason without oig- K
wifiennt morbalditcy.
;
ny |
i
k2]
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16h. White (1973) provides a unique qualitative assessment of the
performance of 57 cultivated woody plants ia New York subjected to a
June 1972 {lood by hurricanc Agnes. VFlooding was of two types: briet,
flash floods along streams and decep floods lasting up to 2 wecks around
lakes. White's obscervations are cspecially valuable because they pertain
to species commonly available in the nursery trade which are freauently
usecd in park landscapes. Table 12 sumnarizes White's observaltions.  In-
tolerant species are those thal were det'olinted and showed poor bud set
for the 1973 growi g season.

16Y. Bruckner ct al. (1973) reported on mortality around the
Curwensville Reservoir on the Susquehanna River ftollowing several ycuars
of surcharge for periods up to 36 days. The study is noteworthy because
of its discussion of Tlood mortnlity arising secondarily from Fusarium
cankers., lrom a survey of canker damage, the authorrs concluded that all
trees ab clevations within b vertical feeb above the reervation pool and
up to 50 percent of the trees al elevations botweoen W and 1.8 vertical feot
above pool level will dic within © years. 'T'his type of mortality is not
usually noied in field studics of intermittently (looded sites.

166, Dane (1959) studicd successional trends in artificinal fresh-
vaber marshes in New York. His {indings moy be userul in predicbing
invision paubtterns in shallow waler arovand rescrvolr shorelines,  Table 13
summarives the major resultas, Tt should be pointed oul Lhat drawdown moay
be necessary Lfor succesainud ceustablicshmont.

North Cenbral. Division

167. Researchers in Lhe Norlh Ceonbral Division and adjacent
Canadoa have produced o nunber oft papers pertinent bo flood bolorance in
vesebation.  OF thoese, seven popers, hecause of Lheir emphosis nd scope,
will perve as the bamin [or discussion.

168, The work of Rell {L97h) and Beldl and Johnson (197, 1975)

i the moul comprehennive. hrough detailed, long=term studices of
itoodplaoin forest comauitics di Thtinois, speeies disbribubions were
correlnled with Clood freguency along Che Dangramon River.  Pable 1h
sumnarizes Lhe £lood Lolerance of bree speeics in THinois as detormined

by Boll and dohnsou (1 OTh) . b oan olffort Lo presenl objecelive eriteria

8y
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1
i
Table 1«
Tolerance of Cultivated Specivs ¢~ F@ . .47 - - - - +» |
1972 Growing Ceascn (from ahite 97 ‘
Comwmon Nae U ientiTll tame
i olerant® Ladc :‘"'L !
cd maple Acer =br o ]
Cornelian cherry Lmn T i
White suih IrAXLiLal aRericans
Thoealess hopey locust saedalain Lnermic = L, trlgoaltfus Var.
inoimas s - “—
Bluck waluui Suglans nLigra i
Dolgo crabapple Milois osamliio e Ll T
White mulberry Morus u.bs
§ American isycamore rlatanus . oollensa i
Cottonwood topulus deltuides

Whitc willow Untbix albe

Pus: - willow 8. disculor
European littleleal linden Tilin cardata

Tolerunt* Evergreens

Red cecdur Juniperus virginiana

Pritzer juniper J. chinensis var, ptitzeriuna

Tolorant® Shrubs

Japanese barberry Berberis thunbergii

Gray-stem dogwood, Coruus pandculata
Regel privet Ligustrum oblusifolium voar. regelianum

Viburnum dentatin ‘
H
1

Arrowwood

bBweel viburnum V. lentuapo

American cranberry buch V.

huin

. s i ot

(Contimied)

*

Tolerant: W bo L0 in. of water for 10 days in June of 1972 causcd
no apparvent dansee or worlality.

{sheet 1 o1 3)

90
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Table 12 (Cowtinued)

Commorn. Name

Scientific Name

Intolerant** Shade and Ornamental Trees

Sugur maple
Norway mopplo
Paper birch
Gray birch
Redbud
Yellowwood

White flowering dogwood

Red i'lowering dogwood
Washington hawthorn
Lavalle hawthorn
Saucer magnolis

Apple

I'lowering peach
Black cherry
Weepling cherry
Red oak

Black locust

Iuropean mountoain ash

Acer saccharum

A. platanoides
Betule papyrifera
B, populifolia

Cerels conadensis

Cladrastis lutes

Cornus florida

C. florida 'Cloud 9'
C. florida 'Cherokee Chief"
C. florida var. rubru

Crataegus phacuopyrum
C

sa

lnvallel

Mopnolia soulangeana

Malus sp. 'Lodi,' McTntosh,' 'Radiant,'
'Hope, ' "Beehtiol !

P. serotina
P. subhirtella var. penduln
Quercus rubra

Robinia pseudoacucia

Sorbus aveupnrin

Intolerant** Iiverpreens
S

Norway spruce
Colorado spruce
Colorado hly » sprace

Upripnl yow

Piccon abics

P, pungens

P, pungens var. pluuca
Taxun cuspidatn

(Conbinued)

¥*  Tntolerant: W Lo 10 dn, of

waber Tor 10 digys e June or 192 ro-

sulted in defolialion or death.

(Bheot 2 o 3)
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Table 12 (Concluded)

e ek 2

{lommon_ Name

Scientific Name

Intolerant** Bvergreens (Continued)

b o B

Spreading yew T. cuspidata var. expansa
Hick's yew T. media 'Hicksii'
American arborvitae Thuja occidentalis

Hemlock

Isuga canadensiys

PRI I3 o

e

g

q

{

r

¥ Iptolernnt: W to Lo din, of walor Lor 10 days i Junce of 1970 ro- "
sullbed in defoliabion or dealh. “i
(tncel, 3 or 1) ;

P

O

—ie An. ik 8 4




Table 13
Species Capabilities to Invade Freshwater Marshes in

New York (After Dane 1959) i

Species ' Water {1
Common Name Scientific Name Depth, cm :
Cattail Typha spp. 66 ﬁ
Bur reed Sparganium sp. 64 i
Water plantain Alisma sp. 61 ;
Cutgrass Leersia sp. L6 i
Soft rush Juncus effusus 38
Buttonbush Cephalanthus occidentalis 51
Willow Salix spp. 30-h6
Green ash ET.E.JEinus pennsylvanica 30-46
var. lanceolata
Silver maple Acer saccharinum <h6
American elm Ulmus americana 25-30
Highbush blue- Yaccinium corymbo:: im 5-13
berry
Ironwood Carpinus caroliniana Moist soil
Shagbark hickory Carya ovata Moist soil
Spiraesa Spiraea spp. 38-76
Black alder dlex verticillata 51
Alder Alnus =sp. <25
|
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Teble 1k
Flood Tolerance of Illinois Tree Species (After Bell
and Johnson 19Th)

Common Name Scientific Name

Tolerant Species*

Silver maple Acer saccharinum

Iastern cottonwood Populus deltoides

Sycamore

Black willow

Platanus occidentalis

Salix nigra

Bur oak Quercus mucrocarps

Honey locust Gleditsie triacanthos

Box elder Acer negundo

Red haw Crataegus mollis

Swamp white oak Quercus bicolor

Persimmon Diospyros virginiuana

Pin onk Quercus palustris
Somewhal Tolerant Spocien*®

Red bud Cercis canadensis

Black walnut Juglans nigra

Shingle oak Quercus imbricaria
Shagbark hickory Carya ovata
Hackberry Celtis occeidentulis
American elm Ulnmus  americnug

Green ash I'raxipus penunsylvanicn

(Continued)

Note: ©Species are groupced within cutegories oo cordin: to increasing
tolerance to growing season inundation.
¥ TPolerant: most individuals survived more than 150 days of
inundation.
Somewhau tolerent: most individuals survivea morce than 50 duyys
but Less than 100 days of flooding.

* ¥
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‘fable 1L (Continucd})

s e e ok e Aol Bl 8.

Common Name

Red oak
Wnite oak

Mockernut hickory

Black oak
Black cherry

Sonsafros

Slightly Tolerant Speciest

Intolerant Speciestt

Scientific Name

Quercus; rubra
Quercus alba

Carya tomentosa

Quercus velutina

Prunus seroting

Sassafras nlbidwm

+ Slightly tolerant:

F1 Intolciant:

some individuals killed by less than 90 deys of
Llood and seme individuals survived greaster than 150 days inundation.

severe elfects with less than 50 days of flooding.

“41‘.‘— R ————




for rating spccies tolerances that would be useful to reservoir opera-
tions, Table 15 presents species occurrence as a function of flood
trequency. The species in Tables 1) and 15 are not identical, reflect-
ing floristic differences between study areas. While faclors other
than flood toulerance per sc are likely to play u role in determining
species distribution, the correlations between species and flood fre-
quenty are valuable in assessing probable impacts around new reservoirs.
Jt is also reasonable to use the ranking as & preliminary screening for
selecting specles to plant around reservoirs, Caution must be employed, 1
however, and the results should not be employed too literally., For

example, buttonbush {Cephalanthus occidentalis) is represented by only

one individual at a location subject to flooding only 1 percent of the
time. Based solely on these data, one might conclude that buttonbush
was not particularly flood tolerant. Reporls from other regions (sec
Appendix A) indicate that buttonbush can survive I years of constant
flooding.

169. Table 16 is extrocted from Bell and Johnson (1974, 1975) and
expresses tree mortality as n function of (lood duration, based on field
observations. All cpecies were not represcnted at all duration classes,
but, when compared with the foregoing table, the dats provide n good
index of probable performance. It is tempting to view "able 15 as &
discrete flood-tolerance classification ranging from most tolerant
species al the top to least tolerant at the boltom. 1n actuality, tol-
crances are besl viewed as overlapping. Any single study provides a
sample that does not represent the complete tolerance range for o species.
Therefore, a different study may generate a d.{ferent absolute order. The
order presented here is only approximate. This is underscored by data
provided in Green's {L947) pioncering work in 1"lood Lolerance. Observ-
ing proeressive mortality of trces and shrubs standing in 46 to 133 cm
of water in a ncw reservoir in the upper Mississippi drainiege, bhe com-
piled the list given in Tublc 17. Green's data supggest thal many of the
specles covered by Bell and Johnson can survive periods of flooding up
to 3 and b years,

170.  Ahlpren and Hansen (LYS() provide rare data on relative lood

96




Table 15

Maximum Flood TI'requency Where Species Were Found

(Compiled from Bell 19714 and

Bell and Johnson 1975)

Maximum
Tolerance,
Fercent Flood
Tiequenc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>