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Ecological and morphological aspects of sexual reproduction of

Eichhornia crassipes (Mart.) Solms were investigated at six, north

Florida aquatic ecosystems on Payne's Prairie State Preserve.

Phenological changes in the populations of established and introduced

waterhyacinths were observed at regular intervals throughout a

calendar year.

Nutrient concentrations, herbivory, and temperature were the

major influences upon both the growth and development of the water-

hyacinth populations and the time scale of phenological changes.

Increases in nutrient concentrations increased leaf size and

inflorescence size of the waterhyacinth plants. Stress to the water-

hyacinth population by cold temperatures or by herbivore infestations

(Arzama densa) resulted in increased stolon numbers per unit area and



caused decreases in the size of leaves of waterhyacinth plants in

a given population.

Floral initiation in the waterhyacinth occurred during periods

of vigorous growth and relatively low nitrogen concentrations in

natural and artificial conditions. Floral initiation in E. crassipes

was not correlated with mean temperatures, photoperiod, total solar

insolation, or rainfall. Densities of inflorescences fluctuated at

both the study sites and in the greenhouse.

Stems and stolons (elongated first internode of axillary bud)

of E. crassipes possess collateral vascular bundles in both the

parenchymatous central cylinder and the cortex with both aerencymatous

and parenchymatous zones. Stems have a distinct parenchymatous layer

between the cortex and the central cylinder, whereas the cortex and

central cylinder of stolons are not separated by a distinct paren-

chymatous layer. The adventitious roots have an aerenchymatous cortex

with large, radially-arranged intercellular spaces and a polyarch

stele.

The peduncle of the inflorescence is composed of aerenchymatous

ground tissue with scattered collateral vascular bundles and a large

central lacuna. The sheathing base of the outer inflorescence bract

terminates in a well-developed lamina and a membranous stipule-flap,

whereas the sheathing base of the inner inflorescence bract terminates

in an aborted lamina and a membranous stipule-flap. Three post-

anthetic bends are found on the peduncle of the inflorescence of E.

crassipes , and differential cell elongation occurs on opposite sides

of the peduncle.

xi



Eichhornia crassipes exhibits a sympodial growth pattern. The

inflorescence terminates the primary shoot and vegetative growth

continues from the ultimate axillary bud (secondary shoot) . The

anatomy, prophyll morphology, and development of a secondary shoot

(after floral initiation) is dissimilar from that of a typical axillary

shoot (during vegetative growth)

.

Sepals, petals, and carpels of the flower of E_. crassipes are

similar anatomically, and each floral appendage possesses three

vascular traces that originate from the vascular plexus. The stamens

have a single trace that arises from the median vascular trace of

each perianth member.

xii



INTRODUCTION

Eichhornia crassipes (Mart.) Solms, waterhyacinth, has created

economic problems in most tropical and subtropical regions of the

world (Bock, 1966; Sculthorpe, 1967; Holm, 1969). The plant is well

adapted to a freshwater habitat and typically forms an impenetrable

mat that congests slow-moving riverine systems, reservoirs, lakes,

ponds, and canals (Bruhl and Dutta, 1923; Penfound and Earle, 1948;

Gay, 1960; Sculthorpe, 1967; Batanouny and El-Fiky, 1975). The mat

can reduce commercial and recreational water traffic, clog sluice

gates in dams, overtake rice paddies, reduce flow in irrigation,

sewage and drainage canals, and cause flooding (Penfound and Earle,

1948; Sculthorpe, 1967). Floating mats of waterhyacinths also retard

gaseous exchange between the water and the air and reduce oxygen

concentrations and available nutrients (Penfound and Earle, 1948;

Zeiger, 1962; Sculthorpe, 1967). Many methods of control - chemical,

biological, and ecological - have been attempted without worldwide

success because of the expense and inefficiency of control measures

and the reproductive capabilities of the plant (Sculthorpe, 1967).

The waterhyacinth has many of the ecological adaptions for a

colonizing species and is considered one of the ten worst weeds in

the tropics (Sculthorpe, 1967; Holm, 1969). The waterhyacinth popu-

lation can maintain itself in various aquatic situations. When an



area is filled by waterhyacinths, competition between individuals

becomes intense and the high growth rate is translated to morpho-

logical plasticity and allows individual plants to change their

form for the specific environmental conditions (Rao, 1920a; Penfound

and Earle, 1948). Hydrogen ion concentration has little effect

upon the growth of waterhyacinths (Bock, 1966; Gay, 1960; Haller

and Sutton, 1973), although various concentrations of nitrate and

phosphorous increase the vigor of waterhyacinths (Haller and Sutton,

1973; Morris, 1974). Morris (1974) and Boyd and Scarsbrook (1975)

demonstrated that differences in total biomass, productivity, plant

density, and root: shoot biomass ratios of plants from different

sites were directly proportional to nitrate and phosphorous con-

centrations and the degree of development of native flora. Water-

hyacinths require relatively high light intensities for optimal

growth, whereas low light intensities result in the death of plants

(Penfound and Earle, 1948). The plants can withstand low tempera-

tures although a minimum temperature of -5°C for 24 hours has been

reported to kill plants (Penfound and Earle, 1948). Penfound and

Earle (1948) reported the doubling time for numbers of individuals

from 11-15 days, depending upon the weather conditions, allows water-

hyacinths to invade an open area very quickly. Although E. crassipes

does not utilize dicarboxylic acid (C4) metabolism in photosynthesis,

photosynthetic rates of the plant are comparable to those for C4

plants (Knipling et al. , 1970).



The genus Eichhornia is one of seven perennial, freshwater

genera in the family Pontederiaceae and occurs natively in the

riverine systems of tropical South America (Castellano, 1958; Scul-

thorpe, 1967; Agostini, 1974). All Eichhornia species have a

floating-emergent habit with erect or prostrate stems (Castellano,

1958). The stem (rhizome) of E. crassipes is erect in the water

with a vertically oriented apex slightly below the water surface

(Penfound and Earle, 1948)

.

Eichhornia crassipes typically has inflated petioles that

allow flotation on the water surface, whereas the remaining species

have linear petioles and occur in shallow or transient freshwater

systems (Castellano, 1958; Agostini, 1974). Nonswollen linear

petioles may also occur in E. crassipes during high population den-

sities, high temperatures, and low light intensities, whereas the

swollen petioles are correlated with low population densities, low

temperatures, and high light intensities (Rao, 1920a; LaGarde, 1930;

Penfound and Earle, 1948). Arber (1918, 1920) termed the lamina of

waterhyacinth and other members of the Pontederiaceae a pseudo-lamina

and reported it was unifacial and represented an expanded flattened

section of the cylindrical unifacial petiole. However, Kaplan

(1973) demonstrated that the "phyllode concept" is not valid for

monocotyledons. He confirmed that the lamina and petiole of certain

dorsiventral, laminar leaves are distinct and separate elaborations

of a basal meristem that partially encircles the leaf primordium

and that the distal leaf zone remains rudimentary. Laminas of



waterhyacinth leaves are probably not pseudo-lamina. Leaves of

waterhyacinth appear to be morphologically similar to leaves of

species described by Kaplan (1973). Bruhl and Dutta (1923) have

described the anatomy of the rudimentary distal leaf zone in a young

leaf of waterhyacinth. A stipule or proliferating leaf base origi-

nates proximal to the base of the leaf as a membranous ochrea that

surrounds the younger leaves and apex (Weber, 1950). A membranous

lamina (stipule-flap), which is only two cell layers thick and has

a network of vascular tissue, occurs at the apex of the stipule and

has mucilage cells along its margin (Weber, 1950).

The roots of the waterhyacinth are adventitious, nonbranched,

and possess numerous, multicellular lateral roots (Penfound and

Earle, 1948; Weber, 1950; Couch, 1971). Two forms of roots may occur

on plants that are partially or wholly rooted in soil (Weber, 1950).

The typical purple roots have a small diameter and possess the normal

complement of side roots, whereas the atypical white roots are larger

in diameter and have few lateral roots. Weber (1950) calculated the

total length of a typical root plus its lateral roots to be 73 m

(surface area of 0.05 m^)

.

. Asexual reproduction is the primary means of reproduction for

the waterhyacinth (Bruhl and Dutta, 1923; Penfound and Earle, 1948;

Sculthorpe, 1967; Das, 1969). Populations have been reported to

double every 10-15 days through stolon production (Penfound and

Earle, 1948; Batanouny and El-Fiky, 1975). An axillary bud under-

goes development and the elongation of its first internode (between



prophyll and first leaf) carries the newly developed leaves, roots,

and shoot apex into the water. This elongated internode (stolon)

varies in length according to the population density (Das, 1967).

Agharkar and Banerji (1930) describe the inflorescence of

Eichhornia crassipes as terminal and growth of the individual plant

continues from an axillary bud of the terminal leaf. The inflo-

rescence is a spike (Penfound and Earle, 1948; Bock, 1966; Tag el

Seed, 1972) although Singh (1962) termed it a contracted panicle.

The individual, zygomorphic flowers are borne within two bracts that

originate on the peduncle. The outer bract has a sheathing leaf base

and a developed lamina at its apex, whereas the inner bract has a

sheathing leaf base and an aborted lamina at its apex (Weber, 1950).

A variable number of flowers are borne on the floral axis of the inflo-

rescence (Penfound and Earle, 1948; Tag el Seed and Obeid, 1975).

Each individual lavender flower has three sepals and three petals

which are adnate for one-third of their length and the sepals are

typically narrower than the petals. The banner (upper) petal differs

slightly from the other two petals in size and has a bright yellow

spot in the middle of a broad blue-purple field (Penfound and Earle,

1948; Singh, 1962). Stamens arise from the perianth tube and separate

from it near the sinuses of the perianth. Three stamens are short in

length and occur deep within the throat of the perianth, whereas the

other stamens will be longer than the pistil or intermediate in

length (Penfound and Earle, 1948; Singh, 1962; Tag el Seed and Obeid,

1975). The gynoecium consists of a conical ovary with many ovules



and a white to lavender style that varies in length (Bock, 1966) and

terminates in a white, capitate stigma (Penfound and Earle, 1948).

The vascular anatomy of the flowers has been described by

Singh (1962) . A broken ring of vascular tissue occurs at the base

of each flower and each perianth lobe receives three traces. Each

stamen has a single trace and three vascular traces proceed into

each carpel. Median traces from the carpellary wall pass into the

style and proceed to the six-lobed papillate stigma.

All flowers of the inflorescence usually open at the same time

shortly after sunrise and close at or after dusk. After anthesis the

inflorescence bends to the surface of the water (Rao, 1920; Agharkar

and Banerji, 1930; Earle, 1947; Penfound and Earle, 1948; Weber,

1950) . A bend begins to form below the base of the two bracts on

the inflorescence and is completed 48 hours after anthesis. Addi-

tional bends occur in the floral axis between the flowers and at the

base of the peduncle and force the closed flowers into the water.

Variable-sized cells are reported to occur on the convex and concave

sides of the bend (Weber, 1950; Das, 1967).

Sexual reproduction is not responsible for the rapid population

development of E_. crassipes but is a major factor in site recoloni-

zation (Penfound and Earle, 1948; Sculthorpe, 1967). Although large

amounts of seed (1.1 x 108/ha, Zeiger, 1962) may be produced, the

specific and complex germination requirements for the seeds are not

common in perennial aquatic systems (Hitchcock et al, 1949; Tag el

Seed, 1972).



After natural or artificial pollination the fruit of the

waterhyacinth usually develops beneath the surface of the water,

although development of the fruit can occur in the air (Agharkar and

Banerji, 1930; Das, 1967). All flowers do not set seed under natural

conditions. The highest percentage of fruit set is approximately 35%

(Agharkar and Banerji, 1930), although the percentage is frequently

much lower (Bock, 1966; Tag el Seed, 1972). Bock (1966) and Tag el

Seed and Obeid (1975) have shown that pollen grains are viable and

will germinate and grow in vitro. Natural pollinators and self-

pollination account for natural seed set (Penfound and Earle, 1948;

Bock, 1966; Tag el Seed, 1972; Tag el Seed and Obeid, 1975), although

artificial pollination can be successful (Francois, 1964).

Seed germination occurs naturally on reflooded ground (Parija,

1930; Weber, 1950). Laboratory germination is successful when wet

or dry seeds are placed in shallow water on a peaty soil with high

light intensity and water temperatures of 28°-36°C (Hitchcock et al,

1949; Tag el Seed, 1972) or after scarification (Penfound and Earle,

1948; Hitchcock et al., 1949; Das, 1969). As the water level increases

and the seedlings are submerged, the primary root abscises and the

rootless seedling floats to the surface of the water (Parija, 1930).

Swollen petioles and adventitious roots soon develop on the seedling

(Parija, 1930; Penfound and Earle, 1948).

The objectives of this study are to determine the comparative

morphology and anatomy of sexual reproduction of Eichhornia crassipes

at ecologically different sites through a growing season. Aspects of



floral initiation and continuously flowering waterhyacinth populations

are described in relation to changes in the vegetative morphology of

individual plants and populations of waterhyacinths and environmental

parameters. These data can be used to determine and analyze the con-

sequences of sexual reproduction to the management and control of

waterhyacinths in freshwater aquatic systems.



METHODS

Observations of specific morphological and phenological

characteristics of Eichhornia crassipes Mart. (Solms) were made on

Payne's Prairie State Preserve located 3 km south of Gainesville,

Florida, and under controlled conditions in a greenhouse at the

University of Florida.

Payne's Prairie State Preserve is the bottom of a shallow lake

that drained naturally near 1900 and was subsequently diked and

channelized to maintain high water levels. Great diversity of

aquatic plant species occur in the deep, shallow, and transient water

systems that intergrade throughout the prairie. However, water-

hyacinths alone dominate the drainage canals. The following study

sites differed in nutrient concentrations, water flow, and develop-

ment of native aquatic species:

1. Melton's Pond. Melton's Pond is a large spring-fed pond

on the north ridge of Payne's Prairie (Figure 1). Its

oligotrophic water covers approximately one hectare with

a center depth of 3-4 m. Native aquatic macrophytes -

Typha latifolia L
.

, Pontederia cordata L . , Panicum hemi

-

tomon Schult., Limnobium spongia (Bose) Rich., Nuphar

luteum (L.) Sib thorp and Smith subsp. macrophyllum -

show a typical peripheral zonation around the pond.

Ceratophyllum demersum L. fills the remaining open water
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of the pond, although during Spring and Summer the floating

plants Wolff iella f loridana (Smith) Thompson and Utri-

cularia spp. are also conspicuous in the open water.

Waterhyacinths do not occur naturally in this site.

2. New Canal. During January 1975, this canal (8-10 m

wide and 2-3 m deep) was completed to carry nutrient

rich waters at a rate of 3.0-4.5 x 10^ m^.day- ! from

S\-7eetwater Branch and the Gainesville sewage treatment

plant directly to the Alachua Sink, the drainage point

for Payne's Prairie (Figure 1). Vigorous waterhyacinths

(80-100 cm tall) invaded and totally dominate this canal

with the exception of scattered plants of Amaranthus spp,

and Polygonum spp. which may grow upon the waterhyacinth

mat.

3. Nelumbo Area. In the center of Payne's Prairie (0.8-1.0

km south of the Alachua Sink) is a large area of mixed

marsh and shallow (1-1.5 m) open water (Figure 1). The

American lotus, Nelumbo lutea (Willd.) Pers. , is the domi-

nant macrophyte in this area, but Typha latifolia L. and

Pontederia cordata L. invade the shallow water during times

of drought. The submerged aquatics Najas flexilis (Willd.)

Rostk. and Schmidt and Ceratophyllum demersum L. are also

distributed in the deeper water of this community. Water-

hyacinths (60-80 cm tall) are found along the eastern edge

of the community along a dike and form only a minor com-

ponent of this ecosystem.
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4. Main Canal. This canal, populated solely by vigorous

waterhyacinths (80-100 cm tall) , carries much of the

drainage water from the marshes of the Prairie to the

Alachua Sink (Figure 1). After the sewage effluent and

water discharge from the Gainesville sewage treatment

plant was diverted into the New Canal in January 1975,

the amount of water carried by the Main Canal decreased.

As of June 1975, the Main Canal was controlled by flood

gates and became a water storage area of the Prairie.

5. Biven's Marsh. On the north central boundary of Payne's

Prairie was a mixed marsh whose main channels were domi-

nated only by moderately vigorous waterhyacinths (40-60 cm

tall) (Figure 1) . This marsh had received the sewage

effluent from the Gainesville sewage treatment plant until

the diversion of effluent into the New Canal which greatly

decreased the size of Biven's Marsh. Flow of water from

Biven's Arm in south Gainesville into Biven's Marsh

occurred at low volumes.

6. Highway 441 Canal. Along the west side of U.S. Highway

441, which traverses Payne's Prairie State Preserve from

north to south, was a canal 8-10 m wide and 2-3 m deep

(Figure 1) . This canal was in a separate water flow

system than those previously described and remained

relatively slow moving and stagnant except in periods of

heavy rainfall. Moderately vigorous waterhyacinths
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(40-60 m tall) dominated the canal and were the only

species in the deeper water.

A portable dock apparatus was constructed and allowed an

individual to sample a given study site regardless of water depth.

Repeated measurements were possible and the competitive environ-

ment of the mat remained unchanged. The portable dock apparatus

(Figure 2) was constructed in two sections composed of a 3.7 m

ladder and one or two blocks (1.2 m by 0.6 m by 0.4 m or 0.6 m by

0.6 m by 0.4 m) of flotation polystyrene. The polystyrene blocks

weighed 0.013 kg-m-3 (1.1 lb-ft-3 ) and supported 0.763 kg-m~3

(60 lb-ft~3), were enclosed in canvas, waterproofed with a coat of

latex paint, and attached to the end of the ladder with wide (5 cm)

woven canvas strapping. The portable dock was lowered onto and

raised from the waterhyacinth mat with a 1.8 m steel pipe as a lever

and a 5-rope block and tackle. Two sections of the portable dock

apparatus, when connected in series, allowed an area of 10 m 2 of

waterhyacinths to be measured in a transect. When set parallel to

each other and joined by a 6.1 m aluminum ladder, the portable docks

allowed a total area of 18 m2 to be observed with minimal damage to

the waterhyacinth mat.

On 4 January 1975, ten plants of Eichhornia crassipes were

introduced into pens (3 m x 1.5 m) of polyvinyl chloride (PVC)

drainage pipe (10 cm diameter) at Melton's Pond, Nelumbo Area, and

Biven's Marsh. These plants were located at each study site for

replicate measurements. The introduced plants were propagated from



Figure 2 Portable dock apparatus. A. Diagram of portable

dock composed of an aluminum ladder (3.7 m long),

two polystyrene blocks, and lever with block-and-

tackle. B. Photograph of portable dock above the

water surface and waterhyacinth population at the

New Canal.



16

B



17

young stolons (1-2 leaves and roots 1-5 cm long) obtained from

the waterhyacinth population at Lake Alice on the University of

Florida campus in November 1974, and cultivated inside the green-

house in tanks that contained soil, peat moss, and 3-40 cm of

water. After introduction into the study sites, the plants were

protected from frost damage at night by a polyethylene cover. The

dredging of the New Canal in January 1975, caused a change in water

flow patterns on Payne's Prairie State Preserve and dictated that

the plants from Biven's Marsh be moved to the New Canal 15 March

1975. The introduced plants were measured at biweekly intervals

for the period between 4 January 1975 and 10 December 1975.

Nightly freezing temperatures began 19 December and terminated the

field experiments. The following morphological measurements and

observations were made on six labeled introduced plants at each

site:

1. Leaf size - length and width of the lamina of the third

mature leaf from the apex per plant, length of the third

mature petiole from origin of the stipule to the base of

the lamina per plant, and the width of the petiole at

its widest point per plant.

2. Number of leaves per plant produced between dates of

observation.

3. Inflorescence number and flower number per inflorescence

per plant.
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The following morphological measurements and observations

were made on the succeeding generations of ramets of the six

labeled plants at each site:

1. Number of leaves per plant produced between dates of

observation.

2. Length of third mature petiole from origin of the stipule

to the base of the lamina per plant.

3. Inflorescence number per plant and flower number per

inflorescence.

At intervals of 4-6 weeks from January to December 1975,

established waterhyacinths were extracted in three samples of one-

sixth m^ from the New Canal, Nelumbo Area, Main Canal, Biven's

Marsh, and Highway 441 Canal. The following morphological measure-

ments and observations were made from six established waterhyacinth

plants at each site:

1. Number of leaves with intact lamina and petiole or leaves

with senesced lamina and intact petiole, or leaves with

senesced lamina and petiole and number of leaf bases on

the stem.

2. Leaf size - length and width of lamina of third mature

leaf per plant, length of third mature petiole from origin

of stipule to base of lamina per plant, and the width

of petiole at its widest point per plant.

3. Length of the longest root from its origin to its tip.

4. Inflorescence number at pre- and postanthesis

.
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5. Flower and capsule number per inflorescences per plant.

These additional measurements were made on a per area basis

at each site:

1. Number of full-sized plants (plants whose leaves formed

the canopy of the mat)

.

2. Number of small plants (plants whose leaves were below

the canopy)

.

3. Inflorescence number at pre- and postanthesis

.

4. Dry mass - mass of total sample of waterhyacinths after

drying 4-5 days at 70° C in an oven.

Specific areas of Biven's Marsh, Highway 441 Canal, and

Nelumbo Area were marked with white stakes before flowering com-

menced and were photographed at 3-4 day intervals during flowering

to obtain the number of flowers produced per area. Leaves of

waterhyacinths typically grew taller than inflorescences at New

Canal, Main Canal, and Nelumbo Area and prevented accurate counts

at these sites.

The size of the inflorescence and its parts were measured at

Melton's Pond and Nelumbo Area in the Spring and Fall, at Biven's

Marsh in the Spring, and at the New Canal in the Fall of the year.

Twenty-five labeled inflorescences along a transect were measured

for five consecutive days through preanthetic development, anthesis,

and postanthetic curvature. The following inflorescence parts were

measured before anthesis:
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1. Length of peduncle from origin of stipule of the

terminal leaf to the bases of the inner and outer bracts

and width of peduncle immediately below the bases of

the bracts.

2. Length of outer bract lamina and length of sheathing

base of outer bract from the base of the bract to the

base of the lamina.

3. Length of sheathing base of inner bract from the base

of the outer bract to the base of the aborted lamina.

At anthesis the following characters were measured:

1. Length of peduncle from origin of stipule of the

terminal leaf to the bases of the inner and outer

bracts and width of peduncle immediately below the

bases of the bracts.

2. Length of outer bract lamina and length of sheathing

base of outer bract from the base of the bract to the

base of the lamina.

3. Length of sheathing base of inner bract from the base

of the outer bract to the base of the aborted lamina.

4. Length of the subfloral peduncle from the bases of the

inner and outer bracts to the base of the first flower

and length of the interfloral peduncle from the base of

the first flower to the apex of the inflorescence axis.

5. Total flower number and number of flowers open per

plant.
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6. Flower size - three flowers per inflorescence per

plant were measured at the base, middle, and top of

the interfloral peduncle. Length of perianth members

was measured from the point where petals and sepals

separate. The length and width of the banner petal

and lower sepal, the length of the pistil, and the

longest set of stamens were also measured in each

flower.

Following anthesis and postanthetic curvature, the following

measurements were made:

1. Length of the peduncle from the origin of stipule of

the terminal leaf to the base of the bend below the

bracts and the length of the peduncle from the bases of

inner and outer bracts to the top of the bend.

2. Orientation of the bend relative to the lamina of the

outer bract.

Ambient air temperature was measured with a recording

thermograph that was mounted in a specially-built instrument box

0.4m above the water level at Melton's Pond. Daily temperatures

were recorded from 14 January 1975 to 20 December 1975. These

data were supplemented by temperatures published in Climatological

Data by the National Oceanic and Atmospheric Administration.

Rainfall measurements were taken from the Climatological Data

by the National Oceanic and Atmospheric Administration. The

standard daylength calculations of Dr. J. P. Oliver, Department of

Physics and Astronomy, University of Florida, were utilized in
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this study and weekly totals of solar insolation were averaged

from daily totals summarized in the Environmental Data Summary

produced by the Environment-Plant Interaction Studies group of

the Fruit Crops Department, University of Florida.

A 250 ml water sample was extracted from the top 10 cm of

surface water at each site at 4-6 week intervals throughout 1975.

Samples were preserved immediately with phenyl mercuric acetate,

put on ice while in the field, and stored at -20°C. Concentrations

of nitrate nitrogen (NO.,) , ammonia nitrogen (NHU) , total Kjeldahl

organic nitrogen, and phosphorous (P) were measured after samples

had been filtered through 20ju. filters. Nitrate nitrogen was

measured colorimetrically to 0.1 mg/1 by its reaction to chromo-

tropic acid in the method described by West and Ramachandran (1966)

.

The ammonia specific ion electrode with the Orion Pontentiometer

,

model 801, was utilized for NH3 determinations as low as 0.1 mg/1.

A standard micro-Kj eldahl method for water samples was utilized to

determine total organic nitrogen concentrations. Phosphorous was

measured colorimetrically to 0.1 mg/1 by the ascorbic acid method

described in Standard Methods for the Examination of Water and

Wastewater (1971).

Waterhyacinths used in greenhouse studies and introduced into

the study sites were propagated from young stolons with 1-2 leaves

and roots 1-5 cm long. These stolon cuttings were placed into wet

soil in a shallow tank 50 cm deep and lined with polyethylene film

to prevent desiccation. The soil (5-15 cm) was used as a nutrient
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source and sink in the bottom of the tank and covered with peat

moss for support of the cuttings.

On 22 February 1976, ten waterhyacinth plants were introduced

into each of two shallow polyethylene-lined tanks (30 cm deep) that

held approximately 300 1 of water and 8 cm of nutrient-poor soil.

After introduction of the plants, two tablespoons soluble 20-20-20

commercial fertilizer with trace elements (Rapid Gro) was placed

in each tank. When flowering commenced, two additional tablespoons

of fertilizer were added to one tank, whereas no additional ferti-

lizer was given to the other tank. The total number of plants and

total number of inflorescences produced per plant were counted at

weekly and 3-4 day intervals, respectively.

Inflorescences at preanthesis and postanthesis were collected

from four field sites at times of intensive flowering during the

Spring and Fall and preserved in a formalin-acetic acid-ethanol

(FAA) solution. Stems, stolons, and adventitious roots were col-

lected from a large culture tank maintained in the greenhouse.

Infiltration and embedding were done under vacuum with a standard

tertiary butyl alcohol series and 56.5°C wax (Johansen, 1940).

Sections were cut at 10-12u. on a rotary microtome and stained with

a safranin-fast green series. Preserved flower buds were dissected

and mounted in Hoyer's solution for clearing (Anderson, 1954). A

Zeiss M35 automatic camera was used to photograph the sections.

Duncan's new multiple-range test (Steele and Torre, 1960)

was used to compare treatment means at a 95% confidence interval.



RESULTS

Sexual Reproduction in Waterhyacinth Populations

Phenology of Waterhyacinth Populations

Small vigorous waterhyacinths with float leaves 10. cm long

were introduced into Biven's Marsh, Nelumbo Area, and Melton's Pond

on 4 January 1975. Original leaf margins and the swollen petioles

appeared necrotic after two weeks and these leaves arched into the

water and senesced by 19 February. New leaves (6.-8. cm long) with

intense red coloration distally on the adaxial surface of short, bul-

bous petioles were produced in 2-4 weeks. All individuals at the

study sites produced many stolons and the nine pens were 1/6-1/3 full

(160-350 plants) by 19 March.

Changes in plant size were first noted at the New Canal

(introduced waterhyacinths were moved to this site from Biven's

Marsh after diversion of nutrient-rich water from Biven's Marsh to the

New Canal) two weeks after waterhyacinths were introduced and the

pens were filled by plants with float leaves by 16 April. By 15 May

the elongated leaves of introduced plants at New Canal were slightly

shorter (65 cm vs. 85 cm) than established plants at the site. After

June 1 all plants at the New Canal remained large and vigorous through-

out the year, and both introduced and established populations

fluctuated similarly with environmental stresses.

24
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The water level dropped rapidly during March at the Nelumbo

Area because water flow patterns were changed and water and sewage

input from Biven's Marsh and the central prairie were diverted to

New Canal. By 8 April water depth at the Nelumbo Area had decreased

1 m, and sediments were exposed throughout the area by 17 April.

Introduced waterhyacinths with small leaves and swollen petioles

were rooted into moist sediments. In early May terrestrial species

(especially Cyperus strigosus and Amaranthus spp . ) invaded the open

sediments and during May and June these terrestrial species formed

a canopy over the introduced waterhyacinths. The return of standing

water to the Nelumbo Area during June and July and the availability

of additional nutrients from the oxidation of the sediments allowed

the introduced waterhyacinths to increase rapidly in numbers and

size through late June and July. Water depth at the site returned

to 0.7 m by 8 August and introduced and established waterhyacinths

assumed a floating habit again. The introduced waterhyacinths had

been rooted in sediments in a single pen since March and on 8 August

these free-floating plants were separated into three pens and formed

large vigorous plants by 10 September that filled the pens until

10 December.

Leaf length of introduced waterhyacinths was less than 15.0 cm

from the time of introduction until 6 August at Melton's Pond. All

plants had short leaves with bulbous petioles until 10 July. After-

wards all introduced plants produced long leaves (35.-45. cm) with

narrow petioles.
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Established populations of waterhyacinths at the Main Canal,

the Nelumbo Area, Biven's Marsh, and the 441 Canal consisted of

small individuals with leaf lengths of 20.-30. cm between 22 January

and 14 February. Individuals at the Main Canal grew rapidly during

March and April and established maximum leaf lengths (75. cm) by

24 April. Populations at the Nelumbo Area, Biven's Marsh, and 441

Canal reached maximum leaf lengths of 73. cm on 24 July, 53. cm on

28 October, and 51. cm on 29 July, respectively. Fluctuations in

leaf size of the populations at all sites occurred at various times

throughout the summer because of herbivory by Arzama dens

a

or changes

in the water flow patterns. Decreases of 5.-10. cm in leaf length

were noted at all study sites during late November and early December

when day and night temperatures were cool. Frost on 19 December

damaged laminas and 1/4-2/3 of the petioles at all sites.

The larvae of the noctuid moth, Arzama densa , caused periodic

and devastating damage to introduced and established waterhyacinth

populations at all sites by devouring the stem apex and 1-5 cm of

stem tissue. Plants at the Main Canal and the 441 Canal were

infested in January when the plants were initially sampled. Heavy

infestations in the waterhyacinth plants occurred in late May and

June in New Canal and in late June and July in the Main Canal; only

dead or dying leaves were observed in the population's canopy at

these times. Heavy infestations of A. densa also occurred at Biven's

Marsh during July and August and at the 441 Canal and Melton's Pond

during late August and September. During heavy infestations of
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A. densa , all individuals of a plant population would be killed, but

rapid vegetative reproduction by stolons allowed the population to

remain intact. Introduced individuals lived only 4-6 weeks during

heavy infestations at the New Canal but lived 6-12 weeks during

lighter infestations at Nelumbo Area. Recovery from A. densa infest-

ations and reestablishment of maximum sized plants required 3-5 weeks

at the New Canal and Main Canal, and 6-10 weeks at Melton's Pond,

Biven's Marsh and the 441 Canal. Lesser damage from the insect was

noted at the Nelumbo Area, New Canal, Main Canal, and 441 Canal at

other times of the year. Mites periodically damaged the foliage

with light to heavy infestations, and grasshopper-like orthopterans

grazed heavily on open flowers of introduced plants at Melton's Pond

and Nelumbo Area.

Concentrations of nutrients in the water at the study sites

differed significantly between the study sites during 1975. The

mean concentrations of ammonia nitrogen (NH3-N) and total organic

nitrogen (org-N) were significantly greater at the New Canal than the

other study sites and the mean concentration of total phosphorous (P)

was significantly greater at the New Canal than at the 441 Canal,

Biven's Marsh, and Melton's Pond (Table 1). Mean concentrations of

nitrate nitrogen (NO3-N) were similar at all study sites. Levels

of org-N (2.0-7.0 mg/1) and total P (2.2-4.4 tng/1) remained high

throughout the year at the New Canal, although NH3-N and NO3-N

reached maximum concentrations of 20.0 and 0.7 mg/1, respectively,

early in the year and remained constant at low levels after 6 August.
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Table 1 Mean concentrations of nitrate nitrogen, ammonia nitrogen,

total organic nitrogen (Kjeldahl), and total phosphorous

at field sites on Payne's Prairie State Preserve from

22 January 1975 to 7 January 1976.
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Mean concentrations of NH3-N and org-N were significantly greater

at the Main Canal than at the Nelumbo Area, 441 Canal, Biven's Marsh,

or Melton's Pond (Table 1). Mean concentrations of total P at the

Main Canal were similar to mean concentrations of total P at the New

Canal and the Nelumbo Area, but were significantly greater than total

P mean concentrations at the 441 Canal, Biven's Marsh, and Melton's

Pond. The maximum concentrations of 1.7 mg/1 NO3-N, 7.0 mg/1 NH3-N,

6.0 mg/1 org-N, and 5.7 mg/1 total P were measured in the Main Canal

before the nutrient-rich water from the New Canal was diverted from

the Main Canal in early July; only low concentrations of each nutrient

were measured after July. Fluctuating water levels and exposed sedi-

ments at the Nelumbo Area caused varying amounts of NO3-N (0.0-2.0 mg/1),

org-N (0.1-2.2 mg/1), and total P (0.4-4.4 mg/1) before and after the

period of drawdown. Mean concentrations of dissolved nitrogen - NO3,

NH3, and organic - at the Nelumbo Area were similar to mean concentra-

tions of dissolved nitrogen at the 441 Canal, Biven's Marsh, and

Melton's Pond but mean concentrations of total P were significantly

greater at the Nelumbo Area than these study sites (Table 1) . Mean

nutrient concentrations at the 441 Canal, Biven's Marsh, and Melton's

Pond were similar during 1975 (Table 1). At the 441 Canal, NO3-N and

total P concentrations ranged from 0.0-0.9 mg/1 and 0.1-2.0 mg/1,

respectively, but concentrations of NH3-N and org-N remained relatively

constant throughout the year. Only the lowest detectable amounts of

nutrients were measured at Biven's Marsh and Melton's Pond during the

year, although slight increases in NO3-N and total P occurred at both
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sites early in the Spring. Because of the significant differences

in nutrient concentrations among the study sites and the size of the

plants at the sites, the study sites have been categorized arbitrarily

into high, intermediate, and low nutrient sites. According to this

classification, the New Canal and Main Canal were the high nutrient

sites, Nelumbo Area was the intermediate nutrient site, and the 441

Canal, Biven's Marsh, and Melton's Pond were the low nutrient sites.

Initiation of Flowering

Several characteristics of flowering in waterhyacinths were

initially noted in this study. Waterhyacinths flowered most

abundantly in the Spring and Fall in the vicinity of Gainesville,

Florida. Flowering exhibited periodicity and zonation patterns at a

single site or among sites. Large numbers of flowers opened each

day at a given site and were replaced by new flowers the next day.

Waves of extensive flowering moved slowly along a canal or formed

a peripheral zone around a body of water.

The time of initial flowering and cessation of flowering was

variable between and within the study sites. Flowers were first

noted in early April in the established waterhyacinth populations at

the low nutrient sites (Biven's Marsh and 441 Canal). However,

flowers did not occur at the intermediate nutrient site (Nelumbo

Area) until mid-May or at the high nutrient sites (New Canal and

Main Canal) until late August. Introduced waterhyacinth populations

at the low nutrient site (Melton's Pond) initiated flowering in late

April, whereas flowers were first observed in the introduced
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waterhyacinth populations at the intermediate nutrient site in

late May and at the high nutrient site in late August. Flowering

continued in the observation areas of established waterhyacinths

at the low nutrient sites until mid-June (Biven's Marsh) or late

July (441 Canal) although continued flowering occurred at these

sites outside the observation areas until late August. Established

waterhyacinths at the intermediate nutrient site flowered at varying

densities throughout the summer and flowering ended in early November.

Flowers were observed in the established waterhyacinths at the high

nutrient sites until mid-October (New Canal) or mid-November (Main

Canal) . Cessation of flowering in the introduced waterhyacinths at

the low and intermediate nutrient sites occurred in early November

after periodic flowering had been observed throughout the Summer

and Fall. Flowers were observed only until mid-October in the

introduced waterhyacinths at the high nutrient site.

Environmental parameters influenced flowering at all study

sites. Mean air temperatures at Melton's Pond ranged from 14-22°C

in early Spring and late Fall, 24-26°C from mid-April to late June,

and remained between 22-24°C during the Summer and early Fall (Table

2). High and low temperatures at Melton's Pond were mediated by

the temperature stabilization effects of the water because air

temperatures measured at the Gainesville Power Plant were lower in

the Winter and higher in the Summer than the temperatures at Melton's

Pond. Total precipitation was intermittant and light (0-45 mm) from

February to late May, normal (9-116 mm) from late May to late

September, and intermittant and light (0-25 mm) through October



Table 2 Mean temperatures measured at Melton's Pond and the

Gainesville Power Plant during the flowering of water-
hyacinths at the study sites.

Mean Temperature °C

Date

Feb. 7

14

21

28

Mar. 7

14

21

28

Apr. 4

11

18

25

May 2

9

16

23

30

June 6

13

20

27

July 4

11

18

25

Aug. 1

8

15

22

29

Sept.

5

12

19

26

Oct. 3

10

17

24

31

Nov. 7

14

21

28

High

23

27

23

20

26

25

26

28

27

26

28

30

29

28

29

31

31

32

32

28

29

29

26

29

28

29

28

29

28

27

28

27

26

26

29

29

25

27

25

22

19

16

Melton's Pond

Low

io

17

12

7

15

12

15

16

13

14

17

17

15

18

17

18

19

20

20

19

18

19

19

19

20

18

18

18

18

17

18

17

17

17

20

17

13

18

17

9

8

13

Mean

17

22

18

14

21

19

21

22

20

20

23

24

22

23

23

25

25

26

26

24

24

23

23

24

24

24

23

24

24

22

23

22

22

22

25

23

19

23

21

16

14

15

NOAA

Mean

15
21

15

13

20

20

23

18

18

20

23

25

25

24

26

26

27

27

27

27

25

27

27

26

27

28

27

27

18

28

28

27

26

24

26

24

21

23

22

22

15

13



33

and November (Table 3) . The official total precipitation for

Gainesville (1250 mm) was approximately 100 mm below normal and

the water levels were observed to decrease slowly at all study

sites during the year. Weekly totals of solar insolation ranged

from 2.85-3.95 Kcal-cm-2 . day in April and June, 2.32-3.25 Kcal-

cm-2 • day-l in March, July, August, and September, and 1.33-3.09

Kcal-cm-2 . day~l in February, October, and November (Table 3).

Daylengths ranged from 11 hours in early February to 14 hours -'

3 minutes at the summer soltice in June and returned to 10 hours

24 minutes in late November (Table 3)

.

Mean temperatures ranged from 20-24°C and mean high temperatures

ranged from 27-31°C on the dates that flowers were first noted at the

low nutrient sites (Biven's Marsh and 441 Canal - 2 April, Melton's

Pond - 30 April, the intermediate nutrient site (the Nelumbo Area -

14 May, and the high nutrient sites (Main Canal and New Canal - 20

August. Mean low temperatures (13-14° C) at Melton's Pond were lower

in early April when flowering was first observed than the mean low

temperatures (17-18°C) on dates of floral appearance at the other

study sites (Table 2) . Very low amounts of precipitation (0-9 mm)

were recorded for four weeks before initial flowering at Biven's

Marsh and 441 Canal, although rainfall was normal (12-37 mm) prior

to initiation of flowering at the other study sites (Table 3).

Amounts of total solar insolation were similar (approximately 3.0

Kcal»cm- 2 . day-l) were recorded when flowers first appeared at the

intermediate nutrient site (Table 3). Daylengths were different
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Table 3 Precipitation, solar insolation, and weekly daylength
means during the flowering of waterhyacinths at the

study sites.
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and ranged from 12 hours 30 minutes to 13 hours 48 minutes at the

time of initiation of flowering at the study sites (Table 3)

.

Inflorescence production occurred in waterhyacinth populations

at all study sites regardless of the distinct differences in vegetative

characteristics that occurred among the study sites. Introduced

waterhyacinth plants at the high nutrient site, New Canal, possessed

mean leaf lengths of the third mature leaf (maximum length 97. cm)

that were significantly greater than mean leaf lengths (maximum

length 51. cm) at the low nutrient site, Melton's Pond (Figure 3).

Mean leaf lengths of introduced waterhyacinths at the Nelumbo Area

(intermediate nutrient site) were highly variable (maximum lengths

ranged from 45-85. cm) and intermediate between the mean leaf lengths

measured at the New Canal and Melton's Pond (Figure 3). Water-

hyacinth leaves produced by established plants were significantly

longer at the high nutrient sites, New Canal and Main Canal, (maxima

of 102 cm and 91 cm, respectively) than at the low nutrient sites,

441 Canal and Biven's Marsh, (maxima of 55 cm and 59 cm, respectively)

(Table 4) . Means of total leaf lengths of established waterhyacinths

at the intermediate nutrient site (Nelumbo Area) were similar to the

low nutrient sites from 22 January to 15 May but were similar to the

high nutrient sites from 24 July to 5 December (Table 4) . Minimum

leaf lengths occurred in the populations of established waterhyacinths

from 22 January to 24 April when the canopy of leaves was disrupted

by frost or cool temperatures. At various times during the year the

canopy of both introduced and established waterhyacinth populations

was disrupted by extensive damage from Arzama dens

a

which also
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Table 4 Mean total leaf length (lamina plus petiole) of the
the third mature leaf of established waterhyacinths
at five sites on Payne's Prairie State Preserve.

Leaf Length (cm)

Date
New
Canal
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decreased mean total leaf lengths. Maximum total leaf lengths

occurred at all sites after canopy continuity was reestablished

following frost or A. dens

a

damage. Additionally, mean total leaf

lengths of introduced waterhyacinths were at maxima 6-8 weeks after

pens at the study sites - New Canal (17 April), Nelumbo Area (15

May), and Melton's Pond (24 July) - were filled completely with

plants (Figure 3) .

Mean petiole and lamina length and lamina width of the third

mature leaf of introduced waterhyacinths also varied according to

the nutrient concentration of the sites. Mean petiole lengths

(48.9-64.0 cm), lamina lengths (12.9-18.5 cm), and lamina widths

(12.7-16.1 cm) were significantly larger at the high nutrient

site, New Canal, than mean petiole lengths (3.5-34.3 cm), lamina

lengths (3.0-9.1 cm), and lamina widths (4.0-7.3 cm) measured

at the low nutrient site, Melton's Pond. Introduced waterhyacinths

at the intermediate nutrient site possessed leaves whose means of

petiole length (12.8-53.2 cm), lamina length (4.3-12.7 cm), and

lamina width (4.5-10.6 cm) were intermediate between or similar

to leaf dimensions at Melton's Pond or the New Canal.

Petiole width of leaves of introduced waterhyacinths remained

constant or decreased during the year, whereas petiole lengths,

lamina lengths, and lamina widths on the same plants increased

during the year. Decreases in petiole width at the high nutrient

site (New Canal) and the low nutrient site (Melton's Pond) occurred

in April and July, respectively, concurrently with increases in

petiole length at both sites (cf. Figure 3,4). Mean petiole widths



<D ^

a q



41

(uiui)

M3PTM 3101:33^



42

of introduced plants were similar at both high and low nutrient

sites from January until July when petiole length increases occurred

at the low nutrient site (Figure 4) . Mean petiole widths were

significantly greater at the high nutrient site (New Canal) than

at the low nutrient site (Melton's Pond) after 6 August. At the

intermediate nutrient site (Nelumbo Area) , mean petiole widths of

introduced waterhyacinths were similar to the other sites during

the Spring, variable and small during the drawdown at that site,

and intermediate between the high and low nutrient sites after

water returned to the Nelumbo Area during June and July. Nutrient

levels at each site and population changes caused by A. densa were

responsible for variations in the mean petiole widths of established

waterhyacinths. Statistical comparisons between high and low

nutrient sites were difficult because the phenologys of the esta-

blished waterhyacinth populations were not synchronous. Mean petiole

widths of short, swollen petioles were similar at all sites, whereas

elongated, nonswollen petioles typically were significantly larger

at the high nutrient sites (New Canal and Main Canal) than at the

low nutrient sites (441 Canal and Biven's Marsh).

The rate of leaf production varied greatly at each site

throughout the year although the number of functional leaves per

plant remained constant. The production of leaves ranged from

0.0-0.5 leaves per plant per week when the introduced waterhyacinth

populations were stressed by A. densa , cool temperatures, or floral

development; however, rates of 1.5-2.0 leaves per plant per week

were measured when the waterhyacinths were not stressed. Average
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leaf production rates of 0.92, 0.81, and 0.75 leaves per week were

measured at the New Canal, the Nelumbo Area, and Melton's Pond,

respectively, during the year. Waterhyacinth plants growing under

stable conditions typically possessed 6—7 leaves with intact petioles

and laminas. This number remained constant in established water-

hyacinth populations at high, intermediate, and low nutrient sites,

but decreased during A. dens

a

infestations and cool temperatures.

The maximum root lengths of waterhyacinth plants established

at each of the five study sites varied with changes in the percentage

of stolons per m2 and the nutrient concentration at each site.

Younger plants recruited into the waterhyacinth populations reduced

maximum root lengths because the young plants had shorter root

systems than the established plants. Maximum root lengths in

stable waterhyacinth populations in the low nutrient sites (441

Canal and Biven's Marsh) ranged from 17-58 cm; however root lengths

at the high nutrient sites (New Canal and Main Canal) were shorter

with maximum lengths of 5-20 cm.

Parameters of established waterhyacinth populations, plant

density and total dry mass, were not closely related and these

parameters varied independently among the study sites because

phenological changes at all sites were not simultaneous. Definite

increases in the number of stem apices per m2 were noted during the

Spring and during A. densa infestations at all sites because of

increases in the stolon number per m2. Total dry mass also increased

during the Spring but no increases were noted during A. densa

infestations. Relatively low plant densities of established
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waterhyacinths occurred at each site between A. densa infestations

and these populations were characterized by low stolon numbers per

m2 and large plant size. The plant densities noted during these

periods of population stability and vigorous growth were low at

the high nutrient sites (53-89 apices • m
-
^) , intermediate at the

intermediate nutrient site (89-109 apices • m~2) , and high at the

low nutrient sites (97-126 apices • m~2) . Although plant densities

varied among sites with different nutrient concentrations, total

dry mass (1.0-1.9 kg • m~2) seemed similar at all study sites.

Variations in vegetative characteristics of a waterhyacinth

population at a single site had no effect upon inflorescence pro-

duction at that site. Inflorescences were initiated at Melton's

Pond in late April when plants were small and plant density was

low and inflorescence production continued through the Summer and

into November when plants were large and plant density was high.

Changes in vegetative characteristics because of A. densa damage

was related, however, to cessation of flowering at both the 441

Canal and Biven's Marsh. Few changes in vegetative characteristics

occurred in waterhyacinth populations at high and intermediate

nutrient sites and these changes were not related to inflorescence

initiation or cessation.

Inflorescence Density

The maximum number of inflorescences with open flowers per

m2 of surface area of established waterhyacinths varied among the

study sites. Correlation of inflorescence numbers with nutrient
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levels was impossible because the inflorescences were below the

canopy and not visible at the high nutrient sites (New Canal, Main

Canal) and the intermediate nutrient site (Nelumbo Area) for all

or most of the year. The density of inflorescences with open

flowers from established waterhyacinths reached maxima of 4.1-4.8

inflorescences per m2 and 6.3-7.8 inflorescences per m2 at the low

sites (Biven's Marsh and 441 Canal, respectively) (Figure 5) and 1.6

inflorescences per m2 at the intermediate nutrient site while

inflorescences were visible in May. A maximum of 3.3 inflorescences

per m2 was observed in the introduced waterhyacinths at the low

nutrient site (Melton's Pond) during late July. During the late

Spring and early Summer (25 April-10 June) the established water-

hyacinths at Biven's Marsh produced 71 inflorescences per m2 of

plants (approximately 120-140) and averaged 1.6 inflorescences per

m2 per day. Established waterhyacinths at the 441 Canal produced

175 inflorescences per m2 of plants (120-160) for an average of 2.5

inflorescences per m2 per day during this same time (25 April to

1 July).

Periodicity and zonation patterns of flowering were observed

in established waterhyacinths from Biven's Marsh and 441 Canal

(Figure 5). Maximum density of inflorescences with open flowers

occurred 14 and 18 days apart (8 May and 22 May at Biven's Marsh;

12 May and 30 May at 441 Canal) at these two sites. Intensive

flowering moved slowly along the main channel of Biven's Marsh.

A high density of inflorescences occurred in the observation area

of Biven's Marsh during May, although a high density of inflorescences
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was not observed in the marsh itself until raid-June. The marsh was

located 150-200 m to the east of the channel. Flowering at the

observation site on the main channel of Biven's Marsh had ceased

when the density of flowering was greatest in the Marsh, even though

the waterhyacinth population and water flow were continuous between

the two locations.

The density of inflorescences with open flowers in established

waterhyacinths in the 441 Canal was lower to the north and to the

south of the observation area in May. The density of flowering

increased at various locations along the 441 Canal through June,

July, and August , although few flowers were observed at the study

area. Damage from A. densa was widespread along the 441 Canal during

September and October and flowering ceased.

Introduced waterhyacinths did not flower synchronously in all

pens at Melton's Pond. Flowering began in one pen shortly before

1 May and had produced 82 inflorescences by 29 May; however, the

other two pens at the site produced only 55 and 12 flowers during May.

From 1 May to 7 November totals of inflorescences with open flowers

varied in each pen, and each pen had its own periodicity (ranging

from 15-25 days) of inflorescence production. No periodicity for

density of inflorescences was observed in the established water-

hyacinths at the high and intermediate nutrient sites, although zones

of high densities of inflorescences occurred during September among

the smaller plants that occurred in the mat after A. densa damage.

Scattered inflorescences were also observed from May until October

on plants rooted in the soil along the dikes on the margins of the



49

established waterhyacinth populations at the high and intermediate

nutrient site.

Production of inflorescences by waterhyacinth plants and their

ramets followed a random and periodic pattern. Although the geno-

types were identical and the plants were in close proximity of each

other, similar numbers of inflorescences did not occur in all plants

of the same clone during the same period (Table 5) . Under the same

conditions more flowers were produced by clone #6 of the introduced

waterhyacinths at Melton's Pond than by plants of clone #1 during

May and June (Table 5). Plants of clone //l, however, produced more

flowers than clone #6 from 10 June to 29 September. Similarly, intro-

duced waterhyacinths labeled #4-1 and #5-1 at the Nelumbo Area pro-

duced 5 and 4 inflorescences, respectively, from 4 September to 7

November whereas plant #1-1 produced only 1 inflorescence (Table 5)
1

.

Plant #1-1 and its six ramets (Melton's Pond) produced 16 inflor-

escences between 10 July and 29 September of which plants #1-1, #1-5,

and #1-6 produced only one inflorescence and plants #1-2 and #1-7

produced 4 inflorescences each during the same time period.

The initiation and periodicity of flowering were observed in

populations growing under different nutrient regimes in a greenhouse

experiment. After a month in the initially fertilized water (two

tbsp. 20-20-20 fertilizer), the ten initial plants in each tank had

produced approximately 100 plants that showed signs of chlorosis

(Figures 6 and 7). After the addition of more fertilizer (2 tbsp.

20-20-20 on 29 March to one tank) chlorotic symptoms disappeared

from the plants, the number of plants increased to 257, and no
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Table 5 The number of senesced inflorescences on waterhyacinths

and their ramets at Melton's Pond and the Nelumbo Area

on Payne's Prairie State Preserve.
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inflorescences were formed until 15 May. Chlorotic symptoms

continued in the waterhyacinth plants in the nonf ertilized tank

and maxima of 5-10% of the plants produced inflorescences period-

ically from 5 April to 7 June (Figure 6). After a reduction of the

number of plants in the fertilized tank on 19 April, the number of

plants increased initially to 125 on 3 May and then slowly decreased.

The leaves of the plants in the fertilized tank became chlorotic

and maxima of 22% and 12% of the plants produced inflorescences in

late May and early June (Figure 7). A total of 119 inflorescences

were produced periodically in the nonfertilized tank in 90 days,

whereas a total of 135 inflorescences were produced periodically in

only 20 days in the fertilized tank. Waterhyacinth plants in the

fertilized tank typically produced two inflorescences per plant

whereas plants in the nonfertilized tank produced only one inflo-

rescence per plant. The same plants in the nonf ertilized tank

typically did not flower during successive periods of the maximum

densities of inflorescence.

The size and density of the waterhyacinth plants increased

with the amount of nutrients added to each tank. Leaf lengths of

the waterhyacinth plants in both culture tanks ranged from 15-20 cm

shortly before 29 March, but the leaf lengths in the fertilized

tank increased to 30-40 cm after fertilizer was added 29 March.

Leaf lengths of the waterhyacinths in the nonf ertilized tank de-

creased during May and ranged from 6-12 cm in early June.

Inflorescence Development

The stages of development of the inflorescence of the
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waterhyacinth occurred in the same sequence and over similar periods

of time at all study sites. In this study the developing inflo-

rescence was typically macroscopically visible 6-7 days before

anthesis (Figure 8) . The lamina of the outer bract appeared first

and initially was tightly appressed to the stipule-flap of the pre-

vious leaf. The lamina of the outer bract did not increase in size

prior to or after anthesis. Four days before anthesis the bases of

the bracts were visible. Daily elongation of the peduncle proximal

to the bases of the bracts was greater than the daily elongation of

the outer bract sheath. The latter reached its maximum length 24-48

hours before anthesis, although the inner bract sheath and enclosed

colorless flowers did not fill the cavity formed by the outer bract.

The aborted lamina located terminally on the inner bract sheath

grew, through a distal slit in the outer bract sheath 24 hours

before anthesis. The peduncle length proximal to the bases of the

bracts was 80-90% of its total length at anthesis, whereas the

diameter of the peduncle 1.0 cm proximal to the bases of the bracts

remained constant prior to and after anthesis.

Between 8 am and 4 pm on the day before anthesis the inner

bract and enclosed flowers pushed through the slit in the outer

bract sheath. Between 4 and 6 pm the inner bract sheath reached its

maximum size and colored flowers were visible through the transparent

membranous portion of the sheath. The peduncle from the bases of

the bracts to the apex of the inflorescence elongated after 7 pm,

pierced the inner bract sheath, and reached its maximum length

approximately midnight. The maximum length of the subfloral and
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interfloral sections of the peduncle was attained unless all flowers

on the inflorescence were not set to open the following morning. The

distal 1-10 flowers of the inflorescence frequently did not open on

the same day as the remaining flowers of the inflorescence, although

no relationship existed between the number of flowers present and the

number of flowers that open the first day. The terminal 1-3 flowers

usually did not open with the remaining flowers of the inflorescence

regardless of the number of flowers per inflorescence. At midnight

the flowers were oriented vertically and tightly appressed to the

interfloral peduncle. By sunrise on the day of an thesis all flowers

that would open that morning were separated from each other and

oriented at a 45-60° angle from the axis of the inflorescence. All

flowers at a site opened synchronously 1-3 hours after sunrise, al-

though shade or cloud cover delayed flower opening 1-2 hours.

Mean sizes of the inflorescences and their appendages and

flower number per inflorescence varied greatly among the study sites

and were separated into four size classes. Mean sizes of the inflo-

rescences and their appendages and the mean flower number per inflo-

rescence at the high nutrient site (New Canal) were significantly

larger than at the low nutrient sites, and similar to or significantly

larger than the intermediate nutrient site (Table 6) . The mean sizes

of the inflorescences and their appendages and the mean flower number

per inflorescence were generally smaller at the low nutrient sites

(Melton's Pond and Biven's Marsh) than at the intermediate nutrient

site (the Nelumbo Area) (Table 6). Similar mean sizes of the inflo-

rescences and their appendages were obtained at Nelumbo Area during
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periods of maximum flowering (30 May and 25 August) . However, these

characteristics were significantly larger at Melton's Pond during

maximum flowering in the Fall (1 October) than during the Spring

19 May). Plants at all sites typically had a mean floral internodal

length of 6.4-7.0 cm, although this length was significantly less than

at Melton's Pond on 1 October (Table 6). Total inflorescence length

ranged from a minimum of 7.5 cm at the low nutrient site (Melton's

Pond) on 19 May to maxima of 58. cm and 70. cm at the intermediate

nutrient site (Nelumbo Area) on 30 May and the high nutrient site

(New Canal) on 25 September, respectively. Dimensions of the outer

bract sheath and outer bract lamina ranged from 2.5-17.7 cm in length

and 0.7-15.6 cm in length, respectively, between the high and low

nutrient sites (Figure 9). The length of the inner bract sheath

varied from 3.0-25.2 cm between the high and low nutrient sites

whereas the diameter of the peduncle ranged from 0.4-1.7 cm.

Inflorescences visible five days (114 hours) before anthesis

had attained, typically, 26% of their maximum lengths (Table 7)

.

Young inflorescences were not measured at the intermediate and high

nutrient sites during maximum flowering because of low inflorescence

density, large plant size, and the herbivory on young inflorescences.

Inflorescences at Biven's Marsh and Nelumbo Area typically grew 11%

of their total length daily until 18 hours before anthesis (Table 7)

.

At Melton's Pond inflorescences did not demonstrate a regular pattern

of growth but they exhibited increasingly higher percentages of growth

(5-25%) from minus 114 hours to minus 18 hours before anthesis

(Table 7). Inflorescences at all sites grew approximately 28% of



Figure 9 An inflorescence of Eichhornia crassipes

18 hours before anthesis.
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inner bract

sheath

3.0 - 25.2 cm

/

outer bract lamina

0.7 - 15.6 cm

outer bract sheath

2.5 - 17.7 cm

peduncle diameter

.4 - 1.7 cm
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Table 7 Growth in length of a developing inflorescence as

a percentage of total inflorescence length of intro-
duced and established waterhyacinths at high,
intermediate, and low nutrient study sites on
Payne's Prairie State Preserve.
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their total length during the last 18 hours before anthesis, although

this increase in length ranged from 1.5 cm at the low nutrient site

(Melton's Pond) to 35. cm at the high nutrient site (New Canal) (Table

7). The distance from the bases of the bracts to the apex of the

peduncle ranged from 39-50% of the total inflorescence length at

all sites (Table 8). This distance was equally split between the

length of the subfloral peduncle (from bases of the bracts to the

lowermost flower) and the length of the interfloral peduncle (from

the lowermost flower to the peduncle apex) (Table 8).

Length and width of the lower sepal and the banner petal varied

among sites and within an inflorescence, but no relationship to

nutrient levels at a site was noted. In all flowers the lower sepal

length and width ranged from 27-37 mm and 10-17 mm, respectively

(Figure 10). The smallest mean sepal lengths in lower, middle, and

upper flowers were found at a low nutrient site (Melton's Pond),

whereas the longest mean lengths occurred at another low nutrient

site (Biven's Marsh) (Tables 9,10,11). Mean sepal lengths at the

higher nutrient sites (Nelumbo Area and New Canal) were similar and

intermediate between the two low nutrient sites. Length and width

of the banner petal of all flowers ranged from 30-43 mm and 19-29 mm,

respectively (FigurelO). The smallest mean lengths of banner petals

of the lower and middle flowers were found at the intermediate nutrient

site (Nelumbo Area) (Tables 9,10,11). The other sites, Biven's Marsh,

Nelumbo Area, and New Canal had intermediate mean lengths of banner

petals. The minimum and maximum banner petal lengths occurred at

the low nutrient sites, whereas banner petals from the intermediate
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Table 8 Length of peduncle as a percentage of the total
inflorescence length of established and introduced
waterhyacinths at high, intermediate, and low
nutrient study sites on Payne's Prairie State
Preserve.



d



68

GO



69

Table 9 Comparative data of floral appendages of lower flowers
of the inflorescence of introduced and established
waterhyacinths at high, intermediate, and low nutrient
study sites on Payne's Prairie State Preserve.

Lower Sepal Banner Petal

Site Date length/width length/width

Long
stamens Style
length length

Melton'

s

Pond

(low)

Biven'

s

Marsh
(low)

Nelumbo
Area
(inter-

mediate)

New Canal
(high)

May 19 32.

a

13.

Oct. 1 33.

a

14.

Apr. 29 36.

b

14.

May 30 34. ab 16.

Aug. 25 33.

a

15.

Sept. 25 34. ab 15.

35.

a

x 22.

37. ab 22.

39. be 23.

16.

b

16.

b

17.

b

11.

10.

10.

41.

c
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Table 10 Comparative data of floral appendages of middle flowers
of the inflorescence of introduced and established
waterhyacinths at high, intermediate, and low nutrient
study sites on Payne's Prairie State Preserve.

Site

Lower Sepal Banner Petal

Date length/width length/width

Long
Stamen
length

Style

length

Melton'

s

Pond
(low)

Biven'

s

Marsh
(low)

Nelumbo
Area
(inter-

mediate)

New Canal
(high)

May 19 30.

a

x 12. 35.

a

22.

Oct. 1 31.

a

13. 36.

a

24.

Apr. 29 34.

b

12. 38. be 22.

May 30 33.

b

16. 40.

c

25.

Aug. 25 33.

b

14. 37. ab 23.

Sept. 25 34.

b

14. 38.be 25.

16.

b

16.

b

17.

b

17.

b

9. ay

18.

b

18.

b

X - Means in each column not followed by the same letter are
significantly different at 5% level.

11.

10.

10.

12.

22.

10.

10.

Y - Long-styled flower form.
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Table 11 Comparative data of floral appendages of upper flowers
of the inflorescence of introduced and established
waterhyacinths at high, intermediate, and low nutrient
study sites on Payne's Prairie State Preserve.
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and high nutrient sites exhibited intermediate mean lengths (Table 11).

Mean banner petal lengths of lower and middle flowers from low, inter-

mediate, and high nutrient sites were significantly larger than or

similar to mean banner petal lengths of the upper flowers at the same

site (Table 12).

Mean style lengths (9-12 mm) and mean length of the long. stamens

(16-18 mm) were similar in the mid-styled flowers at all study sites

(Tables 9,10,11). Long-styled flowers were only observed at the

Nelumbo Area and exhibited a mean style length of 22 mm and a mean

length of long stamens of 9 mm. Short stamens were the same length

(4-5 mm) in all flowers.

All open flowers on an inflorescence began to close after 5-6

pm and were completely closed by sunset (7-9 pm) . After anthesis

the perianth lobes and style slowly folded into an amorphous mass

distal to the developing ovary and persisted until fruit abscission

and dehiscence. The perianth tube remained intact and covered the

developing fruit until dehiscence.

Twelve to eighteen hours after anthesis two bends appeared in

the peduncle (Figure 8) . The first or capital bend was proximal

to the bases of the bracts and was initiated at a different dis-

tance from the bases of the bracts on small inflorescences (1.5-2.0

cm) than on large inflorescences (2.5-3.0 cm). The capital bend

developed whether or not all flowers on the inflorescence had opened

and lowered the floral axis 70-120° from its original vertical

orientation. The unopened flowers in an inflorescence opened the

following day with the subfloral and interfloral portions of the
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Table 12 Mean length of the banner petal of waterhyacinth
flowers borne in the lower, middle, or upper
positions on the inflorescences at high, inter-
mediate, and low nutrient study sites on Payne's
Prairie State Preserve.

Site

Melton's Pond
(low)

Nelumbo Area
(intermediate)

New Canal
(high)

Date

May 19

May 30

September 25

Banner petal length mm
flower position

lower middle upper

35.

a

x 35. a 34.

a

41. c 40. c 37.

b

39. be 38. b 35.

a

X - Means of all sites not followed by the same letter are signifi-
cantly different at 5% level.
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peduncle in a horizontal position. The interfloral peduncle tissue

also exhibited a second bend by the morning of the following day.

This interfloral bend formed above the lowermost flower and had

maximum bending (arc-shaped) from the middle flowers to the peduncle

apex, although the bend was not as acute as the capital bend.

The day after anthesis the capital bend reoriented the floral

axis from 150°-180° from its vertical orientation at anthesis

(Figure 8). Slight elongation (less than 10% of total length) of

the peduncle occurred after anthesis until the capital bend was

complete. The bending process in the capital bend occurred acro-

petally. The distance from the bases of the bracts to the upper

portion of the capital bend was 2.5-3.0 cm shortly after anthesis

and decreased to 0.3-0.7 cm after 48 hours. A third or basal bend

occurred in the base of the peduncle (3-10 mm distal to its insertion

in the stem) and reoriented the peduncle 10-30° from its normal

vertical orientation the second day after anthesis. This bend

reoriented the peduncle 90° or more from its vertical orientation

4-10 days after anthesis. The basal bend of the peduncle together

with the capital and interfloral bends carried the inflorescence

from the central crown of leaves and oriented the developing fruit

horizontally below the water surface. The curvature of the peduncle

was completed 72 hours past anthesis, although cooler temperatures

decrease the rate of curvature.

Orientation of the three bends in the peduncle during

postanthetic curvature was generally related to the location of

the bracts on the inflorescence. The orientation of the capital
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bend also determined the orientation of the interfloral and basal

bends. The inflorescences (53%) were reoriented to the water by

the postanthetic bends at right angles to the stem axis with some

degree of variance (Figure 11) , whereas the remaining inflorescences

were reoriented across adjacent leaves (38%) or the stem apex (9%).

The orientation of the postanthetic bends among the low, inter-

mediate, and high nutrient sites varied and no correlations were

noted (Figure 11)

.

Pollination and Seed Set

Various insects (Hymenopterans) pollinated waterhyacinth

flowers at both Melton's Pond and the Nelumbo Area. Each of the

insect species approached and landed on the waterhyacinth flowers

(both mid- and long-styled flower forms) in different ways. Each

species visited many flowers on the same inflorescence and large

amounts of pollen were observed on the stigmas of the flowers.

Developing fruits were easily observed 8-10 days after

pollination because of the increased size and firmness of the

perianth tube and because nonpollinated flowers always abscised

from nonpollinated inflorescences. Nonpollinated flowers on

pollinated inflorescences typically did not abscise until the

mature fruits abscised. All stages of fruit development and

dehiscence usually occurred at or below the water surface, although

fruits occasionally matured totally out of the water. When the

fruits were mature the brown perianth tube split longitudinally

and loculicidal dehiscence of the capsule occurred. Seeds were



Figure 11 Comparative data on the orientation of

the capital bend to the origin of the outer

bract.
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Side View
of Inflorescence

Angle of bend relative to origin
of the outer bract

Site
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released through a split in the perianth tube or after agitation

or decomposition of the fruit, and sank immediately to the substrate

below the water.

Development of the fruit required 18-22 days during the Summer

after artificial pollination of flowers in the field and in the

greenhouse, and 24-28 days during the Fall and Winter after arti-

ficial pollination in the greenhouse. Artificial pollination (self

and cross) produced seed set (50-150) seeds per capsule in

approximately 150 inflorescences during preliminary studies in

1974, whereas no appreciable seed set was found in 50 nonpollinated

inflorescences. No relationships between fruit formation and either

time of the day (9:00 and 11:00 am, 1:00 and 3:00 pm) or time of

the year (February through August) for pollination were noted.

Fruits that resulted from natural pollination were only

found in established waterhyacinth populations at the intermediate

nutrient site (Nelumbo Area) and at a low nutrient site (Biven's

Marsh). Approximately thirty and fifteen fruits per m2 were col-

lected on 24 July and 24 August, respectively, at Nelumbo Area

and only six fruits per m2 were found only on 22 May at Biven's

Marsh. No additional fruits were found in established water-

hyacinth populations at the low nutrient sites (Biven's Marsh,

441 Canal), intermediate nutrient site (Nelumbo Area), or the

high nutrient sites (New Canal, Main Canal) at any other time

during the year. Although the seed number per capsule of the

fruits collected at the Nelumbo Area and Biven's Marsh varied

from 12-175, most capsules contained 25-65 seeds. Inflorescences
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of introduced waterhyacinths (6 per site) were artificially

pollinated (selfed) at the low, intermediate, and high nutrient

sites in the Summer and early Fall. At the low nutrient site (Mel-

ton's Pond) 165 seeds per inflorescence were collected from the

four inflorescences that produced seed. At the intermediate

nutrient site (Nelumbo Area) 380 seeds per inflorescence were

collected from each of the six inflorescences, although no cor-

relation to the number of seeds per capsule could be made. Herbi-

vores destroyed four of the pollinated inflorescences at the New

Canal and the remaining two inflorescences were not relocated.

Natural seed germination of Eichhornia crassipes was observed

at two locations on Payne's Prairie State Preserve near the study

site at the intermediate nutrient site (Nelumbo Area). During May

seedlings of E. crassipes were observed with seedlings of Pontederia

cordata and Hydrocotyle ranunculoides on moist sediments. During

July thousands of seedlings were found floating in 30-40 cm of

water among Polygonum and Amaranthus plants 2-3 weeks after water

had returned to the Nelumbo Area study site; however, no seedlings

were noted in the sediments below the surface of the water. The

youngest seedlings had only 3-5 linear leaves (2 cm long and 0.5 cm

wide) and no adventitious roots, whereas the older seedlings had

adventitious roots, 5-9 leaves, but no stolons. By late July only

a few young seedlings (5-10 leaves) were observed and the remaining

seedlings had produced vigorous root systems and secondary and

tertiary stolons. Seedlings produced flowers 8-10 weeks after

seed germination occurred and continued until early November.
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Twenty—five floating seedlings of various ages (5-20 leaves)

were collected from a site near the Nelumbo Area study site in mid-

July and placed in a greenhouse culture tank. Development of the

younger and older seedlings was normal and the culture tank was

filled with ramets (approximately 125 individuals) after six weeks.

Flowering occurred eight weeks after introduction of the plants

into the greenhouse tank.

Anatomy of the Inflorescence of Eichhornia Crassipes
And Its Appendages

At anthesis the inflorescence of E. crassipes is fully

developed and its appendages are clearly evident (Figure 8)

.

Distally the mature peduncle is terete (.5-1.7 cm wide) although it

is slightly compressed proximal to and at its point of insertion on

the stem. The bases of the outer and inner bracts are located at

the midpoint of the inflorescence and 5-35 cm distal to the insertion

of the inflorescence. The sheathing base of the outer bract (3.-18.

cm long) surrounds both the subfloral peduncle and the inner bract for

one-half the length of the sheathing base. The body of the sheathing

base of the outer bract terminates in a short petiole that connects

the sheathing base to the subcordate lamina (0.7-15. cm long), whereas

the membranous lateral portions of the sheathing base terminate in a

small stipule-flap (Figure ] 2) . The inner bract sheath (3.5-25. cm

long) occurs opposite to the outer bract and surrounds the subfloral

peduncle for one-half the length of the sheathing base. The body of

the sheathing base of the inner bract terminates in a short petiole
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that connects the sheathing base to the aborted lamina (0.3-2.0 cm

long) , whereas the membranous lateral portions of the sheathing

base of the inner bract terminate in a small stipule-flap (Figure 12)

,

The lavender flowers (5-32 per inflorescence) are arranged in

a 3/8 phyllotaxy similar to that of the leaves. The lowermost flower

is located between the upper portions of the sheathing bracts, and

approximately one-half the distance from the bases of the bracts to

the tip of the interfloral axis. Each succeeding flower is inset

into the interfloral peduncle at regular intervals. The shape of

the interfloral peduncle is terete with a single large indentation

at the level of the lowest flower, forms an irregular polygon at the

level of the middle and upper flowers and terminates typically in a

small triangular extension of peduncle tissue (0.3-2.0 cm long) that

continues beyond the base of the terminal flower.

Individual flowers have three sepals and three petals which

are fused for one-third of their length into a perianth tube. The

sepals are lancolate, shorter than the petals, and possess a dense

layer of glandular trichomes on their abaxial surface. The ovate

petals are relatively broad and possess small amounts of glandular

trichomes on their abaxial surface. All the perianth members are

similar in color (lavendar) and the banner petal has a rhomboidal

yellow-gold spot centered on a large purple area. The short stamens

are adnate to the banner petal and the upper two sepals, whereas

the long or mid-length stamens are adnate to the lower petals and

the lower sepal. Anthers of the six stamens are dorsifixed with

pollen discharge from longitudinal slits; however, pollen discharge
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is extrorse from the short stamens and introrse from the long stamens.

The filaments of short and mid-length stamens are white, whereas the

filaments of long stamens exhibit purple coloration distally; all

filaments have giandular hairs along their length (Figure 13) . The

conical ovary at the base of the flower has a long or mid-length

style that terminates in a vertically oriented papillate stigma.

Both long and mid-length styles have glandular hairs along their

length; mid-length styles are white, and the long styles exhibit a

purple coloration distally.

Transections of the mature peduncle of E. crassipes show

several characteristic features (Figure 14). The epidermis is com-

posed of rectangular parenchyma cells whose external periclinal wall

is covered by a thin cuticle. Chlorenchyma cells (3-5 layers) of the

outer zone of ground tissue occur internal to the epidermis and

are more frequent external to the peripheral series of vascular

bundles that occur in the outer zone of ground tissue. Larger thin-

walled parenchyma cells may be interspersed with the chlorenchyma

cells between the peripheral series of vascular bundles. Large idio-

blasts with raphid crystals or tanniferous substances frequently are

found interspersed in the chlorenchyma and parenchyma cells of the

outer zone of ground tissue. Large parenchyma cells (2-4 layers)

occur internal to the chlorenchyma cells of the outer zone of ground

tissue. Aerenchyma cells comprise the remaining inner zone of the

ground tissue of the peduncle. Large intercellular spaces (0.6 mm

in diameter and 2.0 mm in length) are interspersed throughout the

ground tissue. These intercellular spaces are delineated by elongated



Figure 13 Stamen filament of _E. crassipes . X 100.

Figure 14 Transection of a peduncle distal to its

insertion on the stem. X 11.

Figure 15 Transection of a vascular bundle of a

peduncle. X 167.

Figure 16 Transection of a peduncle proximal to the

bases of the inflorescence bracts. X 11.

a - aerenchyma; ch - chlorenchyma; cl -

central lacuna; e - epidermis; id - idioblasts;
ob - outer bract; pf - perivascular fibers;

pp - primary phloem; px - primary xylem;
t - trichomes; vb - vascular bundles.
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parenchyma cells that are penetrated occasionally by large styloid

crystals. Vascular bundles occur randomly in both the parenchymatous

outer zone and the aerenchymatous inner zone of the ground tissue.

These collateral vascular bundles (approximately 150 per transection)

are surrounded by a layer of large parenchyma cells and are composed

of primary phloem which is external to primary xylem. The collateral

vascular bundles have 1-2 tracheids with annular to helical wall

thickenings, a conspicuous protoxylem lacuna, and 3-6 sieve tube

members with companion cells (Figure 15) . Perivascular fibers with

poorly developed secondary walls occur external to the primary phloem,

especially in the peripheral bundles. Large idioblasts with tannin-

iferous substances frequently are found parallel to the vascular

bundles among the surrounding parenchyma cells. A central lacuna

(2.-5. mm in diameter) occurs in the center of the peduncle.

Anatomical features of the peduncle remain constant throughout

its length, although changes do occur at the bases of the inner and

outer bracts (Figure 16). Proximal to the bases of the bracts, the

intercellular spaces decrease in length and diameter and the central

lacuna disappears. Vascular bundles in the ground tissue increase in

number at the bases of the bracts. The collateral vascular bundles

are surrounded by a layer of large parenchyma cells and are composed

of primary xylem (1-2 tracheids with helical thickenings and a proto-

xylem lacuna) and primary phloem (3-6 sieve tube members and companion

cells). Perivascular fibers occur external to the primary phloem.

The peripheral vascular bundles of the peduncle continue directly

into the sheathing base of . the outer bract. Some vascular bundles



move laterally into the median portion of the sheathing base of the

outer bract. Distally, other vascular bundles move laterally into

the median portion of the sheathing base of the inner bract.

A single-layered epidermis with a cuticle is external to the

ground tissue of the sheathing base of the outer bract (Figure 17)

.

Chlorenchyma cells (3-4 layers) occur internal to the exterior (abaxial)

epidermis although only a single layer of parenchyma cells occur

internal to the interior (adaxial) epidermis. Aerenchymatous ground

tissue occurs between the chlorenchyma and parenchyma cells of the

outer zone of ground tissue (Figure 17) . Large intercellular spaces

separate the 3-4 layers of aerenchyma cells in the median portion of

the sheathing base, whereas only 1-2 layers of aerenchyma cells

separated by large intercellular spaces occur in the fused margins

of the sheathing base. Vascular bundles are distributed throughout

the aerenchymatous ground tissue with one series of bundles interior

to the outer (abaxial) layers of ground tissue, and one series of

bundles interior to the inner (adaxial) layers of ground tissue

(Figure 17) . Some vascular bundles are also between the outer and

inner series of bundles in the thickest portion of the sheathing base.

These collateral vascular bundles possess primary xylem (1-2 tracheids

with annular thickenings and a protoxylem lacuna) which is interior

(adaxial) to the primary phloem (2-4 sieve tube members with companion

cells) . Perivascular fibers with poorly developed secondary walls

also occur within the series of large parenchyma cells that surround

the vascular bundle.



Figure 17 Transection of the sheathing base of the outer

inflorescence bract. X 47.

Figure 18 Transection of the fused margins of the

sheathing base of the inner inflorescence

bract. X 113.

Figure 19 Transection of the aborted lamina of the

inner inflorescence bract. X 113.

Figure 20 Transection of the functional lamina of the

outer inflorescence bract. X 150.

a - aerenchyma; ch - chlorenchyma; e - epider-

mis; g - ground tissue; ie - inner epidermis;

le - lower epidermis; m - mesophyll; oe - outer

epidermis; pf - perivascular fibers; pm - pali-

sade mesophyll; pp - primary phloem; px - primary

xylem; st - stomate; ue - upper epidermis;

vb - vascular bundle.
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Anatomical features of the sheathing base of the inner bract are

similar to features of the outer bract, although the sheathing base of

the inner bract is composed of fewer cell layers. A single-layered

epidermis with cuticle is external to the ground tissue of the

sheathing base of the inner bract. Internal to the exterior (abaxial)

epidermis 2-3 layers of chlorenchyma cells occur and 1-2 layers of

parenchyma cells occur internal to the inner (adaxial) epidermis. The

aerenchymatous ground tissue of the sheathing base of the inner bract

is separated by a single layer of large intercellular spaces in the

median portion of the base although the aerenchymatous ground tissue

is lacking in the fused lateral membranous portions of this structure

(Figure 18). Vascular bundles are located in a single series at regular

intervals throughout the ground tissue of the sheathing base. These

collateral vascular bundles are composed of primary xylem (1-2 tra-

cheids with annular thickening and a protoxylem lacuna) which is adaxial

to the primary phloem (2-4 sieve tube members with companion cells)

.

The vascular bundles are surrounded by a layer of large parenchyma

cells

.

The median regions of the sheathing bases of both the inner

and outer bracts become thicker andmore cylindrical proximal to the

apex of the sheathing bases. The reflexed margins of the previously

fused lateral regions of the sheathing bases of the inner and outer

bracts decrease in size acropetally (Figure 12) . The vascular

bundles of the lateral membranous portions of the sheathing base of

both the inner and outer bracts continue acropetally and terminate

in a small stipule-flap at the apex of the lateral sheathing portion
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of the sheathing bases. The vascular bundles of the median region

of the sheathing base of both bracts move acropetally through the

cylindrical petiole and continue either into the aborted lamina that

terminates the inner bract or into the functional lamina of the outer

bract.

Anatomical features of the functional lamina of the outer bract

demonstrate that it has differentiated cell layers similar to lamina

of leaves of E. crassipes . The aborted lamina of the inner bract has

anatomical characteristics similar to the sheathing base. A single

layer of parenchyma cells form the epidermal layer that surrounds

the ground tissue of the aborted lamina (Figure 19) . The ground

tissue has an exterior zone of 3-5 layers of chlorenchyma cells and

an interior zone of aerenchyma with a few large intercellular spaces.

Vascular bundles (15-25) are randomly dispersed in the ground tissue

and are surrounded by a layer of large parenchyma cells (Figure 19)

.

The vascular bundles contain 1-2 primary xylem tracheids with annular

thickening, a protoxylem lacuna, and 2-3 sieve tube members with com-

panion cells. A single layer of parenchyma cells comprises the

upper (adaxial) and lower (abaxial) epidermal layers of the functional

lamina of the outer bract (Figure 20) . Palisade mesophyll cells occur

in 2-3 layers interior to the upper epidermis and in 1-2 layers

interior to the lower epidermis. These layers of palisade mesophyll

occur in longitudinal rows and are separated by the veins of the

lamina (Figure 20). A layer of large intercellular spaces separates

the adaxial layer of palisade mesophyll from the abaxial layer of
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palisade mesophyll. The layer of intercellular spaces forms a single

series at the margins of the lamina, but increases to 2-4 layers in

the median region of the lamina. Vascular bundles are randomly

dispersed throughout the aerenchyma ground tissue in the median por-

tion of the lamina and are located within the upper and lower palisade

mesophyll regions throughout the lamina. These collateral vascular

bundles are composed of primary xylem (1-2 tracheids with annular

to helical thickening and 1-2 protoxylem lacunnae) and primary

phloem (2-4 sieve tube members and companion cells) . Perivascular

fibers occur external to the primary phloem and the vascular bundle

is surrounded by a series of large parenchyma cells. Vascular bundles

located in the adaxial palisade mesophyll or in the aerenchymatous

ground tissue have primary xylem adaxial to primary phloem. Vascular

bundles located in the abaxial palisade mesophyll have an inverted

orientation of primary xylem abaxial to primary phloem.

The anatomy of the subfloral and interfloral peduncle is

similar although the interfloral peduncle decreases in diameter

acropetally. A single- layered epidermis and cuticle forms the outer

boundary of both the sub- and interfloral peduncle. Internal to

the epidermis, small, thin-walled parenchyma cells (4-5 layers) com-

prise the outer zone of the ground tissue. This outer zone of

ground tissue is interspersed with raphide and tanniniferous idio-

blasts. The inner zone of ground tissue is composed of aerenchyma

cells that surround large intercellular spaces. The center of the

subfloral peduncle and the proximal half of the interfloral peduncle

is occupied by a central lacuna.
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Collateral vascular bundles are randomly distributed throughout

the inner zone of aerenchymatous ground tissue of the sub— and inter-

floral peduncles. The vascular bundles contain 1-3 primary xylem

tracheids with annular to helical wall thickenings, a protoxylem

lacuna, and 3-7 sieve tube members with companion cells in the pri-

mary phloem. Primary xylem is internal to primary phloem in all

vascular bundles. Perivascular fibers with poorly developed walls

occur peripheral to the primary phloem. These fibers are distinct

in regions of the subfloral peduncle, but are not well developed

dis tally in the interfloral peduncle. A single layer of large,

thin-walled parenchyma cells surrounds each vascular bundle. Some

of the vascular bundles of the subfloral peduncle terminate in the

vascular plexus of the first flower or simply branch into the first

flower. The remaining vascular bundles of the interfloral peduncle

continue acropetally and branch into or terminate in the vascular

plexus of succeeding flowers. The number of vascular bundles per

transection remains constant through 1/3—1/2 of the bases of the

proximal flowers and decreases dis tally with each succeeding flower.

Although most vascular bundles terminate in the vascular plexus of

the terminal flower, 1-2 vascular bundles typically proceed into

the terminal portion of the interfloral peduncle and terminate at

the apex of the interfloral peduncle.

The interfloral peduncle proximal to the base of a flower is

characterized anatomically by small intercellular spaces and an

increased frequency of diaphragm cells. Proximal to the vascular

plexus of the flower the interfloral tissue becomes parenchymatous
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with no large intercellular spaces. Vascular bundles (16-20) from

the interfloral peduncle proceed to the vascular plexus of the mature

flower. The vascular plexus of a mature flower is a three-dimensional

ring of vascular tissue (Figure 21) . Primary xylem with annular and

helically-thickened tracheids and primary phloem are noted within the

plexus. A few vascular bundles (4-6) located on the periphery of the

interfloral peduncle proceed directly into the perianth tube and are

integrated into sepal or petal vasculature. A median and two marginal

sepal traces proceed radially from the vascular plexus at a proximal

level into each of the three sepals (Figure 22,23). A median and

two marginal bundles also proceed radially from the plexus distal

to and between the sepal traces into each of these petals (Figure

22,23). Stamen traces do not arise independently from the vascular

plexus, but rather are conjoint with the median traces of each of

the perianth members. The six marginal bundles of the carpels

separate dis tally from an ill-defined vascular plexus between the

median bundles of the perianth and proceed inward to the center of

the flower (Figure 22, 23) . Median carpellary traces separate and

proceed slightly inward from the vascular plexus at the locus of

separation of median sepal traces. The separation and movement

of the marginal carpellary bundles from the plexus occurs concur-

rently with the separation and movement of the median carpellary

bundles.

Separation of the locule begins between the median carpellary

trace and the marginal traces at the level of vertical orientation of



Figure 21 Transection of the vascular plexus of a

mature flower of E. crassipes . X 49.

Figure 22 Transection of the origin of the vascular
traces of a mature flower of E_. crassipes .

X 49

.

Figure 24 Transection of the base of an ovary of a

mature flower. X 52.

Figure 25 Transection of an ovary between the base
of the carpels and the placentae. X 75.

1 - locule; lc - marginal carpel trace;

lp - marginal petal trace; Is - marginal
sepal trace; mc - median carpel trace;

mp - median petal trace; ms - median sepal
trace; ov - ovule; s - stamen trace; sc -

stylar canal.
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the carpellary traces (Figure 24) . The gynoecium is separated from

the fused perianth tube by separation of the compact layers of

parenchyma cells exterior to the carpellary wall. The external car-

pellary wall has an external, single-layered epidermis, 4-7 layers

of compact, thin-walled, and isodiametric parenchyma cells with small

infrequent intercellular spaces interspersed with tanniniferous

idioblasts and an internal, single—layered locular epidermis (Figure

26). The intercarpellary wall also has 4-7 layers of compact thin-

walled parenchyma cells between the locular epidermal layers of each

carpel, although these parenchyma cells deteriorate distally and

only the locular epidermis remains intact. Stylar canals are first

formed in the intercarpellary wall below the placental region and

are lined with a single layer of transmitting tissue composed of

large cells with densely staining contents (Figure 25). These

stylar canals do not occur beyond the base of the placentae because

all the parenchyma cells of the intercarpellary wall have deteriorated.

A two-lobed placenta originates in each carpel and bears anatropous

ovules. A deep division then occurs distally within the placenta

of each carpel and forms two distinct placentae (Figure 26). The

epidermal layer that divides the two placentae of each carpel is

composed of large, rectangular parenchyma cells with densely

staining contents, and occurs from the placentae through the hollow

style to the stigma. The two marginal vascular bundles of each

carpel proceed acropetally from the base of the carpel, undergo

multiple divisions, and form large vascular bundles (Figure 25).

As the marginal carpel bundles proceed distally, the number of



Figure 26 Transection of the placental region of an

ovary. X 47.

Figure 27 Transection of a flower distal to the apex

of the ovary. X 56.

Figure 28 Longisection of the convex side of the

capital bend in the peduncle. X 277.

Figure 29 Longisection of a peduncle before postanthetic

curvature. X 275.

ch - chlorenchyma; e - epidermis; f - fila-

ment; lc - marginal carpel trace; mc - median

carpel trace; ov - ovule; pi - placenta;

s - stamen trace; sy - style; tt - transmitting

tissue.
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primary xylem tracheids with helical wall thickening in the vascular

bundle increases and 20-40 tracheids occur in a single bundle proxi-

mal to the origin of the placentae. The tracheids are randomly

dispersed in the bundle among 30-60 densely staining immature sieve

tube members. The two placentae separate distally and the two placen-

tae from adjoining carpels appear as a single placenta. However, the

remaining locular epidermal layers of the intercarpellary wall main-

tain separation of the locules and placentae. Branches of the

marginal carpellary bundles proceed into the placentae distally.

The marginal bundles of each carpel decrease in size distally, fuse

into three bundles (from the fusion of marginal bundles from adjoining

carpels) proximal to the apex of the carpels, and terminate at the

apex of the carpels. The median vascular bundles of each carpel

remain distinct, continue acropetally from the base of the carpel

through the carpellary wall (Figure 27) into the three-lobed, three-

locule, hollow style, and divide at the base of the stigma. Each

branch of the median vascular bundle terminates in a papillate

stigmatic lobe.

Six stamen trases separate from the median trace of the sepals

and petals at the level at which the gynoecium is free from the

corolla tube (Figure 24). These traces remain within the fused

perianth distally to the apex of the carpels. At the apex of the

carpels a filament separates from the banner petal and is followed

shortly by the separation of filaments from the two upper sepals

(Figure 27). Distally a filament separates from the lower sepal

followed by the separation of the remaining filaments from the
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lower petals. The first three stamens form the short-lengthed

group, whereas the latter three stamens represent the mid-length or

long stamens. All filaments terminate in two-lobed, four-locular

anthers with a well-developed endothecium. Tanniniferous and

raphide idioblasts occur frequently in the parenchymatous ground

tissue of the filament (Figure 13). A single vascular bundle occurs

in the center of a filament and is collateral with primary xylem

interior to primary phloem throughout most of its length. The

vascular bundle of the filament becomes weakly bicollateral to con-

centric only near its distal termination. Primary xylem tracheids

(6-14) with helical wall thickening and primary phloem sieve tube

members (5-20) with companion cells comprise the vascular bundle

in a typical anther filament.

The perianth tube remains similar anatomically from its base

to the point of separation of the sepals and petals. Each perianth

member has a cuticle and epidermis of a single layer of parenchyma

cells as an outer boundary on its adaxial and abaxial surface (Figure

27). An external zone of the ground tissue of the perianth member

is internal to the epidermis and is composed of thin-walled, iso-

diametric parenchyma cells in 4-6 layers interior to the abaxial

surface and in 3-4 layers interior to the adaxial surface (Figure 27)

.

Tanninif erous idioblasts are randomly dispersed throughout the exter-

nal zone of ground tissue, although idioblasts occur at a greater

frequency in the abaxial zone than in the adaxial zone. The inner

zone of ground tissue of the perianth members is composed of

aerenchyma cells separated by a single series of intercellular



105

spaces (0.025-0.10 mm in diameter). The median vascular bundles

of each perianth member and the adnate stamen traces are surrounded

by 2-3 layers of large thin-walled parenchyma cells, whereas the

remaining lateral and branch vascular bundles are surrounded by a

single layer of large, thin-walled parenchyma cells. Vascular

bundles with primary xylem adaxial to primary phloem occur in a

single series throughout the outer zone of ground tissue that is

interior to the abaxial surface. Smaller vascular bundles with

an inverted orientation of primary xylem abaxial to primary phloem

occur in a single series throughout the outer zone of ground tissue

that is interior to the adaxial surface. These collateral vascular

bundles are composed of 1-2 primary xylem tracheids with annular to

helical wall thickening and 2-4 sieve tube members with companion

cells in the primary phloem. At the level of separation of the

perianth members the cells of abaxial ground parenchyma have decreased

to 2-3 layers, although the number of layers of adaxial ground paren-

chyma remain constant. Intercellular spaces occur proximal to the

median vascular bundle of each perianth member, although the inter-

cellular spaces decrease in size and are lacking in the lateral

regions of each perianth member. Distally, the thin-walled paren-

chyma cells of the ground tissue interior to the adaxial and abaxial

surfaces decrease to one layer of cells and no large intercellular

spaces are present. The apices of the perianth members are 3-4

layers of small, isodiametric parenchyma cells thick.

Postanthetic inflorescence development in the waterhyacinth

involves growth phenomena that bring the flowers to the surface of
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the water for fruit deyelopraent. The initial capital bend determines

the orientation of the interfloral and basal bends but has no specific

orientation itself (cf. Figure 11). The rectangular, thin-walled

parenchyma and chlorenchyma cells of the outer zone of ground tissue

and the epidermis on the convex side of the peduncle are longer

(0.050-0.135 mm) than on the concave side of the bend (0.035-0.090 mm)

(Figure 28) . The relative or actual differences in cell size are

determined by the degree of bending because an erect peduncle has

typical cell lengths of 0.030-0.100 mm (Figure 29). Increases in

cell size on the convex side of the basal bend (0.040-0.110 mm) are

not as great as increases in cell size on the convex side of the

capital bend. Only slight variation in cell size accompanied the

interfloral bend because the arc of the bend is gradual. No morpho-

logical or anatomical changes occur in the outer and inner bracts

during postanthetic development, and these structures remain intact

until the inflorescence deteriorates and decomposes basipetally.

At dusk on the day of anthesis all open flowers begin to wilt

and close by a random inrolling and fusion of the perianth lobes,

and form an amophous mass distal to the ovary and perianth tube.

This amorphous mass includes the stigma, the distal portion of the

style, and the perianth lobes, but does not contain either the

stamens or the perianth tube. The former floral appendages dry

and deteriorate, whereas the latter structure remains intact

throughout fruit development. If pollination occurs in most

flowers on the inflorescence, all flowers remain attached to the

interfloral peduncle for 18-28 days. If pollination does not occur
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in any of the flowers all flowers abscise from the interfloral

peduncle 4^5 days after anthesis.

Three days- after pollination the parenchyma cell layers and

the large intercellular spaces of the perianth tube and carpellary

walls are still intact. Twelve days after pollination cells of the

parenchymatous ground tissue of the perianth tube and carpellary wall

become crushed. The inner (adaxial) layer of ground parenchyma is

obliterated in the carpellary wall, and the inner (locular) epidermis

separates from the carpellary wall.

Secondary wall formation is evident in both the outer and inner

layer of parenchyma cells of the inner integument of the developing

seed three days after pollination (Figure 30) . Twelve days after

pollination the seed coat is well formed and possesses characteristic

external longitudinal ridges that originate from the outer integument.

Internally a double- layer of macrosclerids originates from the inner

integument and is oriented transversely to the axis of the seed

(Figure 31). Nineteen days after pollination the seeds appear mature,

placentae are no longer connected to the seeds, and loculicidal

dehiscence of the carpels occurs at the location of the median car-

pellary vascular bundle. Abscission of the flower or fruit occurs

in the parenchymatous region of the interfloral peduncle proximal

to the vascular plexus of the flower, although no broken cells or

abscission layers occur in this region seventeen days after pol-

lination or 2-3 days after fruit abscission.

The inflorescence of Eichhornia crassipes terminates the

primary stem apex. Vegetative or reproductive growth is initiated



Figure 30 Longisection of a fertilized ovule three days

after pollination, X 243. Note secondary

wall formation in cells of the inner integument.

Figure 31 Transection of a fertilized ovule twelve days

after pollination. X 86. Note macrosclerids

in inner integument

.

Figure 32 Transection of a stem of E_. crassipes . X 11.

Figure 33 Transection of an adventitious root of E.

crassipes . X 91.

c - cortex; cc - central cylinder; e - epider-

mis; em - embryo; en - endosperm; h - hypo-

dermi6; ii - inner integument; lr - lateral

root; oi - outer integument; p - parenchymatous

layer; v - vessel (metaxylem) ; vb - vascular

bundle.
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from an axillary bud of the leaf and produces the secondary stem

apex Csecondary shoot). The secondary. stem apex produces a -mem-

branous prophyll and either leaves or another terminal inflorescence.

If the secondary stem apex initially forms leaves and then terminates

in an inflorescence, the axillary bud of the terminal leaf becomes

a tertiary stem apex. If the secondary stem apex terminates in an

inflorescence, the axillary bud subtended by the prophyll forms a

tertiary stem apex which may form leaves or another terminal inflo-

rescence.

The mature stem of 15. crassipes is surrounded by overlapping

aerenchymatous leaf bases (Figure 32) . A single-layered epidermis

composed of isodiametric parenchyma cells is external to the cortical

region that is composed of three distinct zones. The outer zone of

the cortex consists of 4-6 compact layers of large, thin-walled

parenchyma cells, whereas the inner cortical zone is composed

of 3-5 compact layers of smaller, thin-walled parenchyma cells. The

middle cortical zone comprises the bulk of the cortex and consists

of small aerenchyma cells separated by intercellular spaces, typically

0.08-0.12 mm in diameter, organized into 6-10 layers. Vascular

bundles are dispersed at low density in the middle cortical zone

and are oriented vertically or progress laterally. These collateral

vascular bundles (xylem interior to phloem) are composed of 4-8

primary xylem tracheids with helical wall thickening and 4-6 sieve

tube members with companion cells in the primary phloem. Peri-

vascular fibers with poorly developed secondary walls are included

with each vascular bundle (exterior to the primary phloem) within



Ill

a single series of large, thin-walled parenchyma cells. A distinct

layer of parenchyma cells separates- the cortex of the stem from the

central cylinder of the stem. This layer is composed of small,

rectangular, thin-walled parenchyma cells (1-3 layers) that are

elongated periclinally and may be continuous or interrupted by root,

leaf, or bud traces or inflorescence development (Figure 32).

Vascular bundles are randomly distributed throughout the compact

ground tissue of the central cylinder of the stem which is composed

of small, thin-walled parenchyma cells. These collateral vascular

bundles typically have one vessel (helical to scalariforra wall

thickenings) and 1-4 tracheids (helical wall thickening) in the

primary xylem which is interior to the primary phloem composed of

2-4 sieve tube members and companion cells. Neither perivascular

fibers nor a distinct layer of parenchyma around the vascular bundle

are typically associated with the vascular bundles in the central

cylinder of the stems. Most of the vascular bundles proceed verti-

cally in the central cylinder of the stem, although some of the

vascular bundles proceed laterally into adventitious roots, axillary

buds, or leaves. Tanniniferous and raphide idioblasts occur

occasionally among the parenchyma cells of the stem.

Adventitious roots arise in the distinct parenchymatous layer

of the stem and proceed obliquely through the stem cortex and the

aerenchymatous leaf bases. These roots have an epidermis composed

of isodiametric parenchyma cells and a slightly sclerified hypo-

dermis composed of thick-walled parenchyma cells. Internal to the

hypodermis is a cortex composed of three distinct zones (Figure 33).
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The outer zone of the cortex is composed of large, thin-walled

parenchyma cells (2-3 compact layers). The middle cortical zone is

composed of elongate parenchyma cells of the radially oriented

diaphragms that separate the intercellular spaces ( 20 u. wide by 150 /t

long) that comprise the bulk of the cortex. The inner zone of the

cortex is composed of 5-7 layers of cylindrical, somewhat thick-

walled parenchyma cells that are separated by small, but uniformly

sized intercellular spaces. The innermost layer of the inner corti-

cal zone, the endodermis, is composed of a single series of parenchyma

cells with a slightly thickened exterior wall and a thin interior

wall where the endodermis borders the pericycle. The pericycle of

the root is composed of small, thin-walled parenchyma cells and is

not differentiated from the exterior layers of parenchyma cells

of the pith. The polyarch stele is composed of 1-3 sieve tube mem-

bers with companion cells in the primary phloem and one metaxylem

vessel with helical to scalariform wall thickening and 1-2 proto-

xylem tracheids with helical wall thickening in the primary xylem

at each pole. Tanninif erous idioblasts are interspersed among the

thin-walled parenchyma cells that separate the poles of vascular

tissue. Thick-walled angular parenchyma cells comprise the pith

region.

The parenchymatous layer of the stem that separates the

cortex from the central cylinder is also the origin of the four

bud traces that proceed to an axillary bud (Figure 34) . A pair

of bud traces arises on either side of the stem below the inser-

tion of the axillary bud, girdles and diverges from the parenchymatous



Figure 34 Transection of a stem proximal to the

insertion of an axillary bud. X 48. Note

axillary bud traces in the cortex of the

stem.

Figure 35 Transection of a stolon of _E. crassipes . X 23.

Figure 36 Transection of a stem at the insertion of an

inflorescence. X 18. Note dispersed paren-

chymatous layer and expanded central cylinder

of the stem.

Figure 37 Transection of a stem distal to the insertion

of an inflorescence. X 18. Note restored

central cylinder of the stem (secondary shoot)

and separate peduncle.

a - aerenchyma; aerenchymatous cortex;

c - cortex; cc - central cylinder; cl -

central lacuna; e - epidermis; lbt - lateral

bud trace; p - parenchymatous layer; pc -

parenchymatous cortex; pd - peduncle; vb -

vascular bundle; vbt - vertical bud trace.
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layer and proceeds vertically toward . the axillary bud. A second

pair of bud traces arises on either side of the stem proximal to

the insertion of the axillary bud, girdles and diverges from the

parenchymatous layer, and proceeds laterally toward the axillary

bud. Single bud traces from the vertical pair and the lateral pair

of bud traces fuse on the same side of the stem and form two larger

bud traces in the cortex of the stem. The two bud traces fuse

proximal to the insertion of the axillary bud and proceed as a single

trace into the axillary bud.

Transections of the mature stolon - the elongated first inter-

node of an axillary bud - reveal anatomical characteristics that are

similar to the mature stem (Figure 35) . A single-layered epidermis

composed of longitudinally elongated parenchyma cells and a well-

developed cuticle form the outer boundary of the stolon. Internal

to the epidermis are 5-7 compact layers of large, thin-walled paren-

chyma cells that comprise the outer cortex. The inner cortex is com-

posed of small, thin-walled aerenchyma cells separated by inter-

cellular spaces (typically 0.1 mm in diameter) that are distributed

in 3-5 layers. Vascular bundles found in the cortex are surrounded

by a single layer of large parenchyma cells and are distributed

in two concentric series, one series in each layer of the cortex.

These collateral vascular bundles have primary xylem (1-3 proto-

xylem lacunae and possible 1-2 tracheids with annular thickenings)

internal to primary phloem (2—5 sieve tube members with companion

cells). Perivascular fibers are associated with each vascular
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bundle and occur external to the phloem. The central cylinder of

the stolon is differentiated from the cortex because the compact

ground tissue of the central cylinder is composed of large, thin-

walled parenchyma cells, whereas the cortex is primarily aeren-

chymatous. Vascular bundles are randomly distributed in the central

cylinder of the stolon. These collateral vascular bundles are com-

posed of 1-2 large protoxylem lacuna (tracheids with annular wall

thickenings are visible only in longisection) in the primary xylem

which is interior to the 2-4 sieve tube members with companion cells

of the primary phloem.

Transections at the insertion of a mature inflorescence in the

primary stem reveal distinct anatomical features (Figure 36). Approxi-

mately 5/8 of the parenchymatous layer of the stem is dispersed and

no longer distinct. The parenchymatous ground tissue and vascular

bundles of the central cylinder of the stem expand through the region

vacated by the distinct parenchymatous layer and become continuous

with the aerenchyma cells in the former middle cortical zone of the

stem. The remainder of the parenchymatous layer remains intact and

separates the remainder (3/8) of parenchymatous ground tissue and

vascular bundles of the central cylinder of the stem from the inner

cortical zone. Distally the open ends of the intact parenchymatous

layer advance inward and fuse in the center of the stem to form a

crescent-shaped boundary around the remainder (3/8) of parenchymatous

ground tissue and vascular bundles of the central cylinder (Figure

37). The distinct anatomical features of a stem are present in

this crescent-shaped sector of the transection, whereas the distinct



117

anatomical features of a peduncle of an inflorescence occur in the

remaining large, circular region of the transection. The crescent-

shaped portion of the transection is the base of the secondary shoot,

although the interior flank of the secondary shoot is not separated

totally from the peduncle. A single-layered epidermis is the outer

boundary of the secondary shoot and is external to a cortex of distinct

parenchymatous zones (inner and outer) and a middle aerencymatous

zone. Periclinally elongated parenchyma cells in 1-2 layers surround

the parenchymatous ground tissue and the scattered collateral bundles

of the central cylinder of the secondary shoot. A single-layered

epidermis is also the outer boundary of the peduncle and is external

to an outer parenchymatous zone and an inner aerenchymatous zone of

ground tissue. Collateral vascular bundles are scattered throughout

the aerenchymatous ground tissue which surrounds the central lacuna.

A typical primary shoot apex with two inflorescences separated

by a leaf demonstrates many of the components involved in the sympodial

growth pattern of the waterhyacinth (Figure 38). An ensheathing leaf

base (L4) originates from the primary shoot and surrounds a mature

peduncle and a secondary shoot. The mature peduncle does not occur

in the genetic spiral of the primary shoot because the inflorescence

has terminated the primary shoot. Vegetative growth of the plant con-

tinues, however, through the development of the secondary shoot which is

located in the axil of the terminal leaf of the primary shoot. The

prophyll of the secondary shoot surrounds the axillary bud of the

prophyll and the first leaf (L3) of the secondary shoot. A young



Figure 38 Transection of a tertiary stem apex. X 11.

Note young leaf (1-0 that is inserted on the

secondary shoot between the peduncles of the

two inflorescences.

Figure 39 Transection of a tertiary stem apex. X 11.

Note consecutive inflorescences that are not

separated by a young leaf.

Figure 40 Transection of an aborted lamina and stipule-

flap of a prophyll. X 53.

ab - axillary bud; al - aborted lamina;

I3, I4, third and fourth leaf; pd - peduncle

pr - prophyll; sf - stipule-flap; va -

vegetative apex; yl - young leaf.
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inflorescence terminates the secondary shoot; vegetative growth of the

plant continues, however, through the development of a tertiary shoot

in the axil of the terminal leaf of the secondary shoot (Figure 38).

The developing prophyll of the tertiary shoot surrounds the leaf pri-

mordia (P]^, P2) of the tertiary shoot and the axillary bud of the

prophyll (Figure 38). Consequently, two sympodial branches form and

each sympodial branch develops in conjunction with the development of

an inflorescence.

When two inflorescences are initiated consecutively the

organization of the shoot apex varies (Figure 39) . The ensheathing

leaf base of the terminal leaf (L3) of the primary shoot surrounds

both the older inflorescence that terminates the primary shoot and the

secondary shoot that appears in an axillary position. The prophyll

of the secondary shoot surrounds both the young inflorescence that has

terminated that shoot and the tertiary shoot that subsequently occurs

in the axillary position of the secondary prophyll. The tertiary

shoot apex is vegetative and produces a prophyll with an axillary bud

and two leaf primordia (Figure 39) . Although a plant with only two

consecutive inflorescences is described above, plants with three and

four consecutive inflorescences were observed occasionally and growth

of the plant in each case continued through the development of axillary

buds of prophylls. Sympodial branching in _E. crassipe s occurs in con-

junction with a single floral initiation and reoccurs with each suc-

cessive floral initiation even if the floral initiations occur con-

secutively.
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The insertion of the prophyll of a secondary shoot occurs

0.5-2. mm distal to the separation of the secondary shoot and the

inflorescence. This distance between the terminal leaf of the pri-

mary shoot and the insertion of the prophyll is similar to the typical

internodal length of the primary shoot. In live or preserved whole

material, the base of the secondary shoot appears to be another inter-

node of the primary shoot and the inflorescence seems to be lateral.

Characteristic anatomical features are visible in a transection

of a prophyll of a secondary shoot (Figure 39) . A single-layered

epidermis of small, rectangular, thin-walled parenchyma cells and a

cuticle are the outer boundary of the prophyll on both the adaxial

(outer) and abaxial (inner) surfaces. Internal to the epidermis on

the adaxial and abaxial surfaces one and 2-3 compact layers, respec-

tively, of small, isodiametric, thin-walled parenchyma cells form

an outer zone of parenchymatous ground tissue. Aerenchymatous cells

separated by large intercellular spaces in a single series occur

between the outer layers of parenchymatous ground tissue. The inter-

cellular spaces and ground parenchyma are lacking in the fused lateral

margins of the sheathing prophyll, and consequently these margins con-

sist of only the abaxial and adaxial epidermal layers. The vascular

bundles are distributed in a single series in the ground tissue but

occur more frequently in the median regions than in the lateral regions

of the sheathing prophyll. These collateral vascular bundles consist

of 1-4 primary xylem tracheids (helical wall thickening) which occur

adaxial to 1-5 sieve tube members with companion cells in the primary
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phloem. Large, thin-walled parenchyma cells (1-2 layers) surround

the vascular bundles In the thickened median regions, whereas a specific

layer of parenchyma cells does not occur around vascular bundles in

the lateral fused margins of the prophyll.

The apical stipule-flap represents a membranous extension of the

lateral regions of the sheathing prophyll and surrounds either the

lamina of the next leaf or the lamina of the outer bract of the next

inflorescence (Figure 40). An aborted lamina arises abaxially to the

origin of the stipule-flap. This cylindrical aborted lamina consists

of an external layer of thin-walled parenchyma cells that form the

epidermis and 2-3 layers of ground tissue composed of small, thin-walled

parenchyma cells. Tanniniferous idioblasts occur frequently among the

parenchyma cells of the ground tissue. The terminal portion of the

median vascular bundle of the sheathing prophyll also is found in this

aborted lamina.



DISCUSSION

Reproductive and Vegetative Characteristics of
Waterhyacinth Populations

The production of inflorescences was a prominent feature of

the phenology of both introduced and established plants of Eich-

hornia crassipes at all study sites. Nutrient concentrations,

herbivory, and temperature were the major influences upon vegetative

characteristics of the waterhyacinth populations and upon the time

scale of phenological changes. Nutrient concentrations also

affected floral initiation and inflorescence development.

Floral Initiation

Development of the inflorescence of E_. crassipes required

5-6 weeks from initiation to anthesis during this study. Penfound

and Earle (1948) previously reported inflorescence development from

initiation to anthesis required only 2-3 weeks. At floral initiation

the primary stem apex was surrounded by 3-4 immature leaves within

the ochrea-like stipule of the mature fourth or fifth leaf, Each

of the leaf primordia of introduced waterhyacinths developed in

succession at a rate of approximately one leaf per week at each

study site. The inflorescence also developed to maturity at the

same rate as the leaves,

Mean temperatures, mean low temperatures, weekly totals of

precipitation, and mean weekly daylengths varied at the time of

123
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floral initiation at all the study sites on Payne's Prairie State

Preserve (cf. Tables 2,3), Searle (1965) and Chailakhyan (1968)

have reported that specific temperatures were responsible for

floral initiation in many plant species, especially plants of the

north temperate regions. However, specific temperatures probably

do not stimulate floral initiation in the waterhyacinth because

mean temperatures and mean low temperatures varied at the time of

floral initiation at all study sites. During this study cool mean

temperatures (12-16°C) from mid-November through March prevented

floral initiation, unless exceptionally warm mean temperatures

(20-24°C) occurred during this period (as during January, 1974).

A threshold mean temperature or mean low temperature may be necessary

before flowering is initiated, and flowering cannot be initiated

below this temperature. Hitchcock ej^ al. , (1949) reported flowering

in waterhyacinths does not occur at or below mean low temperatures

of 16°C. Mean weekly daylengths varied from 35-140 minutes between

dates of floral initiation at the study sites (Table 3) and inflo-

rescences were produced by waterhyacinths in the greenhouse during

all months of the year. The daily photoperiod had no effect upon

floral initiation in _E. crassipes during this study. Bock (1966)

and Das (1967) also reported that no correlation occurred between

flowering in E. crassipes and daylength. Previous authors (Door en-

bos and Wellensiek, 1959; Chailakhyan, 1968; Evans, 1969; Zeevaart,

1976) reported that daylength was the major stimulus for floral

induction in most plant species, although Doorenbos and Wellensiek

and Chailakhyan indicated that tropical or day—neutral plant



125

species may react to other environmental stimuli. In the present

study mean weekly totals of solar insolation were similar (2.8-

3.2 Kcal-cnf^-wk-l) during floral initiation at the study sites.

However, total solar insolation ranged from 2.3-3.9 Real* cm- 2. wk-l

during the two weeks before and after floral initiation (Table 3).

The similarities of amounts of total solar insolation on dates of

floral initiation are probably coincidental. No correlation was

noted between floral initiation and the amounts of precipitation

recorded at the study sites (Table 3). Chailakhyan (1968) indicated

that environmental parameters other than day length and temperature

could be responsible for floral induction, although previous reports

of floral induction caused by light intensity or soil moisture and

humidity were usually based upon observations. Environmental para-

meters - temperature, daylength, light intensity and precipitation -

were not correlated with initiation of flowers in waterhyacinth

populations at the study sites or the greenhouse.

The nutrient status of the plants or their habitat was

correlated with floral initiation of waterhyacinths. Flowers were

first observed at the low nutrient sites (Biven's Marsh, 441 Canal,

and Melton's Pond) in early Spring, whereas flowers were not observed

until much later (mid-Summer) at the high nutrient sites (New Canal

and Main Canal) . Flowering occurred in late Spring at the inter-

mediate nutrient site (Nelumbo Area) . Waterhyacinths in the

greenhouse did not flower until the nutrients in the water were

depleted and the plants appeared chlorotic. Only vegetative
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development was noted initially in the plants in the fertilized

tank, although after five weeks the plants appeared chlorotic and

inflorescences were noted. Low nutrient levels were present during

floral initiation in both established waterhyacinths at the study

sites and cultured waterhyacinths in the greenhouse.

Nutrient stress of the waterhyacinth plants could be involved

with floral initiation of the plants. The waterhyacinth populations

at all the study sites, however, had undergone rapid growth and

population development immediately before flowering occurred at

each study site. Established waterhyacinths at the low nutrient

sites initiated inflorescences in late Winter and early Spring when

reactivation and redevelopment of the population began. Introduced

waterhyacinths at the low nutrient site were observed to be vigorous

during early Spring when inflorescences were initiated at that site.

Waterhyacinth plant size increased and plant densities were stable

(not affected by herbivore or density stress) at the high nutrient

sites during early and mid-Summer when floral initiation occurred at

these study sites (cf. Table 4, Figure 4). Plant size and plant

densities of cultured waterhyacinths were also at maxima when these

plants appeared chlorotic and floral initiation occurred (cf.

Figures 6,7). Although the vigorous plants at the 441 Canal and

in the greenhouse had chlorotic symptoms shortly before the inflo-

rescences appeared, floral initiation in waterhyacinth plants at

all study sites and in the greenhouse occurred when the waterhyacinth

populations were both stable and composed of large, vigorous plants.

The waterhyacinth populations at all study sites and in the green-

houses were also growing in water with relatively low nitrogen
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concentrations (0.1-0.5 rag/1) at the time of floral initiation.

The ratio of nitrogen in the water to the stored carbo-

hydrate in the vigorous waterhyacinth plants may have been the

stimulus for floral initiation. Previous authors (Miller, 1938;

Meyer and Anderson, 1952; Doorenbos and Wellensiek, 1959; Chaila-

khyan, 1968) have described a similar phenomena in other plant

species. Other authors (Murneek, 1948; Searle, 1965; Evans, 1969)

indicated, however, that no major element had any special role in

flowering and that only indirect effects of mineral nutrition

upon flowering were observed in experiments specifically designed

to measure nutrition effects. Nitrogen concentrations were low

at the low nutrient sites in the Winter and early Spring and floral

initiation occurred in the vigorous plants (not affected by herbi-

vore or temperature stress) at these sites after the threshold mean

temperature for flowering was attained. Correlations of flowering

to nitrogen concentrations and vigor of the waterhyacinth plants

at the intermediate site are difficult because of the fluctuations

in the nutrient levels caused by the drawdown at that site. Intro-

duced waterhyacinths at the intermediate nutrient site produced

many inflorescences during September and October when the water-

hyacinth populations were rot affected by drought, herbivore, or

temperature stresses and nitrogen levels were low. Nitrogen

levels decreased at the high nutrient sites after July because of

dilution of the water in the New Canal by rainfall and because the

Main Canal no longer received nutrient—rich water from the New

Canal. Inflorescences occurred with regular frequency 5-6 weeks
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after nitrogen levels decreased at both high nutrient sites. Floral

initiation in introduced and established waterhyacinth populations

at all sites was correlated with the vigor (carbohydrate status) of

the plants and the concentration of nitrogen in the water.

The nitrogen-carbohydrate status of the waterhyacinth may be

the only periodic environmental cue for floral initiation in these

plants. Doorenbos and Wellensiek (1959) and Chailakhyan (1968)

indicated that both daylength and temperature are reliable and

accurate signals for floral initiation in temperate plant species,

although they also mentioned that plant species from tropical climates

may utilize other reliable environmental cues to induce sexual

reproduction. These authors state that production of the seed is

of primary importance to the temperate plant species so the seed may

act as a perennating organ to maintain the species through adverse

(low temperature) conditions. Although .E. crassipes is native to

tropical aquatic ecosystems without temperature stesses, the species

still faces periodic and strong population pressures from its

riverine habitat. Mohamed (1975) indicated that populations of

waterhyacinths decreased drastically during the rainy season and

subsequent periods of high water levels along the White Nile in Sudan.

Photoperiod and temperature variations do not occur in the

native ecosystems of the waterhyacinth. Annual fluctuations in

water levels occur inevitably, however, in these riverine systems

(Mohamed, 1975). In order to produce seeds to maintain the water-

hyacinth populations through adverse conditions of river flooding,

the species may utilize the changes in nutrient concentrations in
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the water at the beginning of the rainy season as a stimulus for

floral initiation. Brinson (1973) and Mohamed (1975) reported great

increases in nutrients occurred in a tropical lake-riverine eco-

system and in the White Nile, respectively, early in the rainy season

from the runoff from the watershed. The waterhyacinth plants that

remained on the floodplain during the dry season and the new water-

hyacinth seedlings are able to expand and develop their population

rapidly with influx of high nutrient water at the beginning of the

rainy season. In the present study expansion and development of the

waterhyacinth population occurred after the water level increased

at the intermediate nutrient site and when waterhyacinths were intro-

duced into the study sites. Mohamed (1975) and Hestand and Carter

(1975) also indicated that waterhyacinth populations increased rapidly

in reflooded tropical and subtropical aquatic ecosystems, respectively.

Continued rainfall during the rainy season dilutes and decreases the

nutrient concentrations in the river water (Brinson, 1973). This

change in nutrient levels in the water of the riverine system may

stimulate sexual reproduction in the waterhyacinth population. Floral

initiation is caused by the favorable nitrogen-carbohydrate status of

the vigorous plants in the natural waterhyacinth population. In

this study expansion and development of the waterhyacinth population

(after temperature, herbivory, or drought stress) always preceded

the appearance of flowers. The concentrations of nitrogen at the

study sites was also low relative to previous levels, at the time

of floral initiation. The utilization of changing nutrient levels

as a stimulus for floral initiation allows waterhyacinth plants to

maintain their population in very dynamic aquatic riverine systems.
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High density of inflorescences in waterhyacinth populations in

low nutrient sites and in the greenhouse are correlated with the

vigor of the waterhyacinth plants and the nitrogen concentrations in

the water at these locations. All waterhyacinth plants in a popu-

lation do not flower during a peak period of flowering and some

plants may not flower during the entire period of anthesis. The

number of plants that do produce inflorescences at a given site is

determined by the carbohydrate status of the individual plants and

low nitrogen levels in the water. No correlation in flowering was

noted among the introduced waterhyacinth plants and their raraets at

either Melton's Pond or the Nelumbo Area (Table 5). Each individual

plant reacts to the nutrient status of the water independently, and

flowering is affected by the plants own carbohydrate status. Mean

concentrations of all nutrients were somewhat higher at the 441 Canal

than at Biven's Marsh (Table 1) and higher densities of inflorescences

occurred at the 441 Canal than at Biven's Marsh (Figure 5). More

waterhyacinth plants at the 441 Canal had an adequate carbohydrate

status at the time of low nitrogen levels, and more plants at the

441 Canal produced inflorescences than at Biven's Marsh. Higher

densities of inflorescences also occurred in the fertilized tank in

the greenhouse than in the nonf ertilized tank (cf. Figures 6,7).

The waterhyacinth plants in the fertilized tank were more vigorous

at the time of floral initiation than plants in the nonfertilized

tank and produced twice as many inflorescences as the plants in the

nonf ertilized tank. In a preliminary experiment an optimal nitrogen-

carbohydrate ratio occurred and cultured waterhyacinths produced 585
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inflorescences per 120—135 plants during a 60-day period. The

latter data are 3-7 times higher than the highest densities of inflo-

rescences observed at the study sites. High densities of inflo-

rescences occurred at the study sites and in the greenhouse when the

plants in the waterhyacinth population had a similar carbohydrate

status at the time low nitrogen levels occurred in the water.

The pattern of inflorescence development on individual water-

hyacinth plants may also be related to the vigor (carbohydrate status)

of the individual plant and the nitrogen concentration of the water.

No pattern of initiation of inflorescences was noted for any individual

waterhyacinth plants observed at either the low or the intermediate

nutrient sites (Table 5) . Although all introduced waterhyacinth

plants at both sites were in close proximity and groups of the plants

had the same genotype, each individual plant at a given site produced

inflorescences in a different sequence. Because the inflorescence

of E. crassipes is terminal, a specific morphogenetic process must

occur each time sexual reproduction is initiated in this species.

A single initiation could be responsible for two or more successive

inflorescences, but two or more inflorescences intermittant with

leaves could not be produced by a single stimulus. If each inflo-

rescence or set of inflorescences produced by a waterhyacinth

plant is initiated by the nitrogen—carbohydrate status of the plant,

this ratio for an individual plant must also vary irregularly.

The waterhyacinth plants may produce leaves periodically during

conditions of floral initiation to replenish resources used in

flower production. The drain of resources (nutrients) during
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flowering of the waterhyacinths is noted by the chlorotic symptoms

of the leaves 1-2 weeks before inflorescences appear. Under an

optimal nitrogen regime (i.e., preliminary greenhouse experiment)

waterhyacinth plants may produce many inflorescences successively

and produce few leaves. Under unfavorable nitrogen regimes (Le.

,

high nutrient sites until July) few or no inflorescences will be

produced.

Cessation of flowering at the study sites was correlated with

either increases in nitrogen content of the water or the return of

cool temperatures in the Fall. The concentration of nitrate nitrogen

increased during late April at the low nutrient sites and the density

of inflorescences decreased greatly 5-6 weeks later (the period of

development of an inflorescence) at the three low nutrient sites

(cf. Figure 5). The concentrations of ammonia and total organic

nitrogen increased during late August (nitrate concentrations

remained low) at a high nutrient site (New Canal) and flowers were

not observed at that site 5-6 weeks later. Sparse flowering con-

tinued at a low, intermediate, and high nutrient site until 5-6

weeks after mean low temperatures of 13—15°C (early November)

occurred at the study sites (cf. Table 2). If the mean low

temperature of 16°C is the threshold temperature for floral initi-

ation in waterhyacinths as reported by Hitchcock, et al- (1949),

the response to this low temperature by the waterhyacinth appears

to be absolute. No flowering was noted in late November or early

December 5-6 weeks after mean low temperatures of 17-18°C occurred

at the study sites.
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Nutrient concentration of the water at the study sites was the

primary factor that affected flowering, growth, and development of

the waterhyacinth populations. In order to compare the relative dif-

ferences in the flowering and growth of waterhyacinths at study sites

with differing nutrient levels, the study sites were categorized as

high (New Canal and Main Canal) , intermediate (Nelumbo Area) , and low

nutrient sites (441 Canal, Biven's Marsh, and Melton's Pond) (Table 1).

A similar categorization of the same or analogous study sites on Payne's

Prairie State Preserve was reported by Morris (1974). Morris (1974)

reported a higher mean nitrate nitrogen value (2.2 mg/1) and a lower

mean phosphorous value (0.9 mg/1) for water samples taken at his high

nutrient study site than were measured during this study. Means of

nitrate, ammonia, and total organic nitrogen and total phosphorous

concentrations measured at New Canal were similar or somewhat lower

than the mean concentrations (NOv^N-l, 7 mg/1; NHt-n-5.4 mg/1; org-N

2.3 mg/1; total P-5.9 mg/1) from effluent from four sewage treatment

plants in central Florida (Wodzinski, 1975). Nitrate values for the

high nutrient site reported in this study may have been lower than

previously reported values by Morris (1974) and Wodzinski (1975)

because the effluent had been conducted through a mile-long canal that

was filled with waterhyacinths before it reached the study site. Con-

centrations of N0n~N and org-N and total P measured at a low nutrient

site (441 Canal) were similar to the low values measured at the same

site by Knipling et jal. , (1970). Only the lowest detectable amounts

of NO3-N and total P were measured at Melton's Pond during this study

and these values were similar to the concentrations reported by
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Morris (1974) for the same site and similar to concentrations of the

same nutrients obtained by Stevens (1976) for a similar small pond

in north Florida.

Vegetative characteristics of the waterhyacinth populations

varied with changes in the amount of herbivory by A. dens

a

and changes

in temperature as well as nutrient concentrations. The herbivore,

A. densa, that disrupted waterhyacinth populations at all study sites,

has been described and utilized for biological control of water-

hyacinths (Vogel and Oliver, 1969; Center, 1976). Heavy insect

infestations were noted in the waterhyacinths only during April and

September to November by earlier workers (Vogel and Oliver, 1969;

Center, 1976) whereas in the present study insect damage to water-

hyacinth populations was noted throughout the year with heavy

infestations in January, May-June, July-August, and August-September.

The amount of damage done to the waterhyacinths by the insect and

the nutrient availability at the site determined the rate of recovery

for the waterhyacinth populations. When major damage occurred at the

high nutrient sites, the recovery of the population was rapid (4-6

weeks) because excessive nutrients available in the water were ab-

sorbed quickly and assimilated to replace the amount of standing crop

lost to the herbivore. Replacement of the standing crop and its

nutrient storage was much slower (6-10 weeks) at the low nutrient

sites. On a few occasions A. densa damage was responsible for the

death and submersion of small areas (25-5Q m2) of the waterhyacinth

population. However, these areas were rapidly filled by young raraets

from vegetative reproduction. Although the insect can damage and
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stress the waterhyacinth populations, the insect alone cannot remove

a waterhyacinth population because it has many parasites and predators

(Center, 1976). Damage by A. densa in conjunction with other popula-

tion pressures (competition, low temperatures, etc) may result in

control of a waterhyacinth population as was observed by Center (1976).

Cool winter temperatures and frost caused a decrease in plant

size in the established waterhyacinth populations at all study sites

(Table 4). Reductions in plant size of waterhyacinth during cool

weather were also observed by LaGarde (1930) , Penfound and Earle (1948)

,

and Center (1976). The cool temperatures and low light intensities

that occur during the winter probably decrease the metabolism of the

plants. However, frost damage is the major cause of reduced plant

size in winter. The canopy of the waterhyacinth population is inter-

rupted and opened by frost damage to the leaves. Elongation of the

subsequent leaves is reduced because they are not shaded by the canopy

and plant size is reduced until the canopy becomes continuous again.

An increase in stolon frequency was observed in the established

waterhyacinth populations during the Spring and was a major feature

(with increased plant densities) of the reactivation and growth of

the waterhyacinth population. Center (1976) reported the highest

densities of a waterhyacinth population occurred in April, although

the number of stolons was not distinguished from the number of canopy

plants in his study. Warmer temperatures and higher light intensities

in the Spring seem to stimulate the production of stolons which

increase the plant density and is responsible for the development of

a vigorous waterhyacinth population. Increases in the number of



136

stolons per m^ were noted at all field sites during and after heavy

infestations of the herbivore, A. densa . The removal of the stem

apex by the insect and the subsequent loss of apical dominance is

primarily responsible for the increased production of stolons per

plant although increased stolon production could also be a response

of the population to herbivore damage. Vickery (1972) has shown

increased primary productivity of temperate grasslands when optimal

grazing occurs.

Constant plant densities in established waterhyacinths were

maintained for short periods of time hetween A-.- densa infestations

at all study sites. The stable plant densities were related to the

nutrient concentrations of each study site because the plant size

was larger at the high nutrient sites than at the lower nutrient sites

and fewer large plants than smaller plants could fit into a m^ of

surface area. Populations at the high nutrient sites stabilized at

densities of 53-89 apices/m^; Center (1976) also reported plant

densities of 60-90 apices/m2 at a high nutrient site. Stable

densities at the intermediate nutrient site (89-110 apices/m^) were

higher than the high nutrient sites and somewhat lower than the lower

nutrient sites (97-126 apices/m ) . Boyd and Scarsbrook (1975) measured

plant densities of 110-115 apices/m^ in a fertilized pond from a water-

hyacinth population composed of plants similar in size to plants at

the intermediate nutrient sites in this study. Although plant

densities varied greatly throughout the year at the study sites, low

nutrient sites typically had higher plant densities than high nutrient

sites in this study.
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Values of total dry mass Cstanding crop) of established

waterhyacinth. populations of both large and small plants at all

study sites reached maxima (1.2-1.7 kg/m 2
) in the Spring after

maximum plant density was reached. Increased standing crop after

increased plant density was also reported for Pistia stratiotes

by Hall and Okali (1974) and for waterhyacinths by Center (1976).

Maximum amounts of dry mass (1.2-1.7 kg/n)2) in this study were lower

than previously measured values of 2.7 kg/m2 (Penfound and Earle,

1948), 2.5 kg/m2 (Knipling _et al. , 1970), 2.0 kg/m 2 (Boyd and Scars-

brook, 1975), 2.5 kg/m2 (Morris, 1974), and 2.4 kg/ra2 (Center, 1976).

Of the previous authors only Center (1976) mentioned herbivory to

the observed waterhyacinth populations, although in his study damage

from A. dens

a

was not as extensive as occurred in this study. The

presence of A. dens

a

populations during this study may account for

each population's inability to reach the maximum standing crop that

has been reported by other authors.

Maximum root length of established waterhyacinths varied with

both the Arzama infestations and the nutrient concentrations of the

water at each study site. Waterhyacinths at the low nutrient sites

had longer and more extensive root systems than those waterhyacinths

at the high nutrient sites as previously reported by Morris (1974)

and Boyd and Scarsbrook (1975). The length and extent of the root

system of waterhyacinth plants seemed to be a good indicator of

high or low nutrient concentrations in the water during this study.

Established waterhyacinths in stahle populations at all study

sites maintained a constant number of functional larainas per plant
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(5-7 leaves with intact laminas) . Center (1976) also observed a

constant leaf density of 5-7 functional leaves per plant in a stable

waterhyacinth. population. The amount of space per individual plant

is limited in the stable waterhyacinth populations because of intense

intraspecif ic competition; thus waterhyacinth plants do not possess

more than 5-7 functional leaves per plant. The rate of leaf pro-

duction was the most variable parameter of the introduced waterhyacinths

throughout the year and fluctuated with every change in the water-

hyacinth's environment. Decreases in the rate of leaf production

were noted at the intermediate and low nutrient sites during February

and March because of the cool winter temperatures and "transplanting

shock." Infestations and damage by the herbivore, Arzama densa
,

reduced leaf production rates at the high nutrient site, New Canal,

and at the low nutrient site, Melton's Pond. Leaf production ceased

in damaged plants from the time the insect destroyed the stem apex

until new stolons were formed. Leaves and inflorescences are not

formed simultaneously by waterhyacinths and reduced leaf production

rates that occurred at the low nutrient site during the early Summer

were correlated with the period when profuse inflorescence production

occurred. Increased leaf production rates in the introduced water-

hyacinths were common at the high, intermediate, and low nutrient

sites during the higher temperatures and high light intensities of

the Spring. At all sites leaf production rates typically increased

as the waterhyacinth populations stablized after one of the environ-

mental stresses had dissipated.

Leaf size of established and introduced waterhyacinths varied

with nutrient concentrations. Petiole length and width and lamina
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length and width were significantly larger in plants at high nutrient

sites than in plants at low nutrient sites, whereas these dimensions

were intermediate in plants at the intermediate nutrient site (Table

4; Figures 3 and 4) . Mean leaf lengths at the high nutrient sites

(75-93 cm) were similar to mean leaf lengths of 70-90 cm from water-

hyacinths at high nutrient sites reported by Morris (1974) , Boyd and

Scarsbrook (1975), and Center (1976). Mean leaf lengths measured

at the intermediate nutrient site (65-73 cm) were similar to a mean

leaf length (70 cm) reported by Morris (1974) at the same site. A

mean length (18 cm) of waterhyacinths at a low nutrient site (Melton's

Pond) reported by Morris (1974) was much smaller than mean leaf

lengths (35-42 cm) recorded in this study at Melton's Pond because

Morris' study terminated before the introduced waterhyacinth popula-

tion had stabilized.

Maximum size of morphological parameters of waterhyacinth

leaves were determined primarily by the nutrient concentration of

the site (Table 4; Figures 3 and 4), although waterhyacinth leaves

do have the ability to vary leaf morphology and size in response to

intra- or interspecific competitive stress. When waterhyacinths

invade an open site, density and competition (intra-, interspecific)

are low, and a certain leaf form (invasion form) occurs on all water-

hyacinths in the population. A separate, distinct and different leaf

form (competition form) is found on all plants during high population

density and intense competition among waterhyacinths or between

waterhyacinths and other species. The invasion leaf form is char-

acterized by petiole lengths which are 40-60% of total leaf length,
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petiole widths that are larger than the width of the leaf base, and

laminas whose ratio of mean length to mean width is less than one

CFigure 41) . The competition leaf form is characterized by petiole

lengths which are 70-81% of the total leaf length, petiole widths

that are similar to the width of the leaf base, and laminas whose

ratio of mean length to mean width is greater than one (Figure 41)

.

Shading of the stem apex of a waterhyacinth plant during competition

(intra- or interspecific) may result in the formation of the com-

petition leaf form. For example, a mixed community of waterhyacinths

and Nelumbo lutea was observed where the canopy of the waterhyacinths

was irregular because some waterhyacinth leaves were taller than the

leaves of adjacent plants. The larger leaves were produced to exceed

the height of the Nelumbo leaves that had overtopped them. LaGarde

(1930) and Penfound and Earle (1948) also observed elongated non-

swollen petioles on waterhyacinth plants at high plant densities

or those that occur in the shade. Penfound and Earle (1948)

determined that light intensities less than 500 ft.c. stimulated

petiole elongation, and light intensities greater than 500 ft.c.

formed swollen petioles. In this study maximum leaf sizes of water-

hyacinth plants occurred in competing waterhyacinth populations

regardless of the nutrient concentration in the water at the study

site.

The change from the invasion leaf form of waterhyacinths to

the competition leaf form occurred whenever plant density increased

sufficiently and caused a continuous canopy that shaded individual

plants. ' Open water was available in the pens of introduced water-

hyacinths at the low nutrient site (Melton's Pond) until 12 June,



Figure 41 Morphological variation in leaves of water-

hyacinth. A. Invasion form. Note swollen

petiole and reniform lamina. B. Competition

form. Note elongated petiole and ovate lamina,
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and the petiole width of the plants remained between 20 and 28 ram

(Figure 4) . Petiole width at this site decreased through July and

averaged only 10 mm after the first week in August because of the

concoramitant petiole elongation that occurred when maximum plant

density was reached. The ratio of mean lamina length to width of

waterhyacinth leaves at Melton's Pond averaged 0.6 until early May,

increased to 1.0 in late June, and averaged 1.2 the remainder of

the year (Table 13). The petiole comprised only 60% of the total

leaf length- until the second week in J*une but increased to 75-80%

the first week in August and remained constant the remainder of

the year (Table 14) . The change in the form of the lamina from

reniforra to ovate and the increased length of the petiole demon-

strate that whole leaves, lamina and petiole, from waterhyacinth

plants at Melton's Pond elongated greatly under the stress of intra—

specific competition (Figure 41). Similarly, decreases in the

petiole width, increases in the lamina length to width ratios, and

increases in the petiole length as a percentage of total leaf length

were observed in introduced waterhyacinths at intermediate (Nelumbo

Area) and high nutrient sites (New Canal) (Figure 4; Tables 13,14).

These changes in the morphology of the leaves were observed two

weeks after the pens were filled with plants at each site (Nelumbo

Area - 12 June, New Canal - 1 May). Increased intraspecif ic com-

petition at the intermediate and high nutrient sites also caused

elongation of the lamina and petiole of the waterhyacinth leaves.
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Table 13 Means of the lamina length to lamina width ratios
of the third mature leaf from introduced water-
hyacinths into high, intermediate, and low nutrient
study sites on Payne's Prairie State Preserve.
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Table 14 Length of the petiole (as a percentage of the total
leaf length) from the third mature leaf of introduced
waterhyacinths at high, intermediate, and low
nutrient study sites on Payne's Prairie State
Preserve.
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inflorescence development reported by these authors was longer

than observed in this study because Penfound and Earle and Das

observed transplanted waterhyacinth plants under inadequate, short-

term, artificial conditions.

The size of the outer Bract lamina of the inflorescence

typically remained constant after its appearance 5-6 days before

anthesis, although the total length of the inflorescence con-

tinued to elongate at regular daily increments (13-60 mm per day)

until 18 hours before anthesis. Penfound and Earle (1948) observed

that the total length of the inflorescence increased in daily incre-

ments of 15 mm per day.

Elongation of the interfloral and subfloral peduncle began

18-24 hours before anthesis as the inner bract sheath and enclosed

flowers emerged through a slit in the outer bract sheath. The inter-

floral and subfloral peduncle continued to elongate prior to anthe-

sis, broke through the membranous region of the inner bract sheath

12-14 hours before anthesis, and attained their maximum length by

midnight (8 hours before anthesis). Earle (1947) and Penfound and

Earle (1948) also noted opening of the inner bract and peduncle

elongation approximately 15 hours before anthesis. In this study

individual flowers of the inflorescence attained their normal

45-60° orientation to the axis by sunrise, and anthesis occurred

1-3 hours later. Earle (1947) and Penfound and Earle (1948)

reported that movement of the flowers to their normal orientation

of 30-45° began shortly after midnight and proceeded until
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anthesis which_ was completed 1—3 hours after dawn.

Individual flowers of the inflorescence began to wilt and

close between 5 and 6 pra on the day of anthesis. Simultaneously

cell elongation occurred on one side of the peduncle 1.5-3.0 cm

distal to the bases of the bracts and slowly formed the capital

bend which carried the subfloral and interfloral axis to a hori-

zontal position (70-120°) from the vertical by the following

morning (Figure 8). Initiation of postanthetic curvature was

also observed at 5-7 pm by Rao (1920b), Earle (1947), and

Penfound and Earle (1948). In this study the capital bend

developed acropetally. The distance from the base of the bend

to the insertion of the inflorescence remained constant, whereas

the distance from the top of the bend to the bases of the bracts

decreased during the 36-48 hours of the bend's development. Rao

(1920b) found that the capital bend usually orients the inter-

floral and subfloral peduncle directly away from the stem apex,

although in this study the orientation of the interfloral and

subfloral peduncle varied greatly within a study site and among

study sites (cf. Figure 11). Penfound and Earle (1948) reported

that the capital bend did not occur until all flowers of the

inflorescence had opened and might require two days. The capital

bend in all inflorescences in this study typically occurred

during the night following initial anthesis, regardless of the

number of flowers that had opened. The interfloral bend was

usually complete by dawn of the day following anthesis, as
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reported by Earle (1947) and Penfound and Earle (1948).. Initiation

of the basal bend was not apparent simultaneously with the initia-

tion of the capital and interfloral bends in this study, and did

not occur until 18-36 hours past anthesis. Earle (1947) and Pen-

found and Earle (1948) reported, however, that the capital, inter-

floral, and basal bends are initiated simultaneously 10-12 hours

past anthesis. These authors noted that the basal bend was

complete 48 hours past anthesis; however in this study, develop-

ment of the basal bend continued for 5-7 days after anthesis. The

orientation of the interfloral and basal bends was identical to

the orientation .of the capital bend, and the stimulus that oriented

the capital bend also directed the bending of the interfloral axis

and the basal portion. The general sequence of events of pre-

anthetic and postanthetic development of the inflorescence observed

during this study required more time during cooler temperatures.

Earle (1947) and Penfound and Earle (1948) indicated that post-

anthetic curvature required 1-4 extra days during cooler tempera-

tures.

The numbers of flowers and the dimensions of the inflo-

rescence of introduced and established waterhyacinths were

correlated with the nutrient status of the water at the study

sites. Waterhyacinths at the low nutrient sites (Melton's Pond

and Biven's Marsh) produced inflorescences that were generally

smaller than those at the intermediate nutrient site (Nelumbo

Area) (Table 6). The inflorescences at the former sites were
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always smaller than the inflorescences at the high nutrient site

(New Canal). The amount of growth of the inflorescence per day

before anthesis (as a percentage of the total length at anthesis)

was similar at all study sites (Table 7) . Maximum sizes of inflo-

rescences and appendages were determined by the nutrient status of

the water at the study site, whereas the rate of growth of inflo-

rescences was independent of the nutrient concentrations of the

water.

Length and width of the lower sepal and the banner petal of

flowers of E. crassipes varied within an inflorescence and among

sites, and no correlations with nutrient concentration of the water

at the study sites were noted (cf. Tables 9,10,11). The smallest

mean sepal lengths and mean banner petal lengths occurred at a low

nutrient site (Melton's Pond), whereas the largest mean sepal lengths

occurred at the other low nutrient site (Biven's Marsh). The largest

mean banner petal lengths occurred at an intermediate nutrient site

(Nelumbo Area). Dimensions of the lower sepal and banner petal from

waterhyacinth flowers at a high nutrient site (New Canal) were inter-

mediate or similar to those dimensions at the intermediate nutrient

site. Flower number and the dimensions of the inflorescences were

greater at one low nutrient site (Biven's Marsh) than at the other

low nutrient site (Melton's Pond) during the Spring and these

differences coincide with the observed differences in plant vigor

at these two sites. Biven's Marsh had been the site of effluent

input for Payne's Prairie until December, 1974, and the increased
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vigor of these plants may have been caused by nutrient storage in the

marsh sedimenta or the plant biomass. Lower and middle flowers of

the waterhyacinth inflorescence at all sites typically possessed

larger lower sepals and banner petals than the upper flowers on the

same inflorescence. In this study sepals were 27-37 mm long and

10-17 mm wide, whereas Castellano (1958) reported smaller sizes

(30 mm long, 10 mm wide) for this floral appendage. The banner petal

of waterhyacinth flowers in this study were 30-43 mm long and 19-29

mm wide, and other workers (Castellano, 1958; Agostini, 1974)

reported similar lengths (25-45 mm) for the banner petals. In this

study the distance between the stigma and the long stamens of mid-

styled flowers varied from 5-7 mm, and these data are similar to the

range of 4.5-6.1 mm reported by Tag el Seed and Obeid (1975).

Pollination , Seed Set , and Seed Germination

During preliminary studies artificial pollination was quali-

tatively successful among self- and cross-pollinated waterhyacinth

flowers grown in the greenhouse from February to August. These pol-

linations were successful throughout the day (from 9 am to 3 pm)

,

although previous workers (Bruhl and Gupta, 1920; Agharkar and Ban-

erji, 1930; Tag el Seed and Obeid, 1975) reported successful self-

and cross-pollinations occurred only in the morning hours. These

authors indicated that high temperatures and low humidities pre-

vented pollination, however, Bock (1966) reported that there was

little correlation between humidity and successful pollination of

flowers of E,. crassipes . Because humidity was always high in
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Florida and especially in the greenhouse, no conclusions concerning

the effect of humidity upon successful pollination of flowers of

E. crassipes can be drawn from this study.

Hymenopteran insect pollinators were observed among the water-

hyacinth flowers during this study at both a low and an intermediate

nutrient site. Penfound and Earle (1948) and Bock (1966) also noted

Hymenopteran pollinators (honeybees, bumblebees) as well as syrphid

flies and yellow sulphur butterflies on waterhyacinth flowers, Both

Penfound and Earle (1948) and Bock (1966) observed that each insect

species landed and moved into the flower in specific ways. During

this study each insect species was observed to approach, land and

move into the flower in a different manner. Pollen was transferred

from anthers to stigma by two insects observed in this study, although

Penfound and Earle (1948) noted only insignificant amounts of pollen

on stigmas after insects had visited the flowers. Penfound and Earle

(1948) suggested that most natural pollination of waterhyacinth

flowers was caused by the senescing perianth. Although this natural

selfing was observed during this study and by Bock (1966), only

low numbers of seeds occurred in nonpollinated (control) flowers

utilized in this study and reported by Bock (1966) and Tag el Seed

(1972). The large amounts of seed formation observed by Robertson

and Ba Thein (1932), Penfound and Earle (1948), and Tag el Seed

(1972) probably resulted from both natural selfing and insect

pollination.
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The amount of seeds produced per capsule and per inflorescence

varied irregularly among the study sites. Both natural pollination

and artificial pollination were successful at these sites. The

percentage of flowers that possessed fruit with seed varied from 6-

21% at the low and intermediate nutrient sites after natural

pollination of flowers, whereas Tag el Seed and Obeid (1975)

indicated that 12% of the flowers observed in Sudan had been

naturally pollinated. In the present study a range of 4-110 seeds

per capsule were observed from the low and intermediate nutrient

sites after natural pollination, whereas previous workers (Robertson

and Ba Thein, 1932; Zeiger, 1962; Tag el Seed, 1972) observed a

range of 3-542 seeds per capsule after natural pollination.

Given the previous data, approximately 3.1 X 10° seeds would be

produced per hectare in this study (441 Canal flower densities).

Champness and Morris (1948) indicated that a range of 0.01-1.43 X

10° seeds/ha was produced by terrestrial plant species. Similar

estimates of seed production by waterhyacinths , .22 X 10° and

1.1 X 10°, were reported by Penfound and Earle (1948) and Zeiger

(1962), respectively.

Germination requirements of waterhyacinth seeds are complex and

include specific water levels, soil types, and light and temperature

regimes (Hitchcock e_t aT. , 1949; Tag el Seed, 1972). In this study

seed germination was observed near the intermediate nutrient site

on peaty sediments during conditions of high light intensities and

high temperatures in early Summer. No appreciable amounts of standing

water were present. Other workers (Robertson and Ba Thein, 1930;
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Haigh, 1936; Penfound and Earle, 1948) observed natural seed germina-

tion on reflooded sediments during high temperatures and high light

conditions. Germination of waterhyacinth seed was also successful at

high light intensities, high temperatures, and in shallow (1-3 cm)

water in the laboratory (Hitchcock et al. , 1949; Barton and

Hotchkiss, 1951; Tag el Seed, 1972). Artificial or natural draw-

downs of aquatic systems will not control waterhyacinth populations

if the drawdown occurs in warm weather because the return of water

to the peaty substrates will stimulate seed germination. Widespread

seed germination was observed after reflooding of the sediments at the

intermediate nutrient site during this study. Richardson (1975)

also indicated that reflooding of an aquatic system after a draw-

down stimulates waterhyacinth seed germination. Drawdowns may be

successful as a control measure for waterhyacinth populations if

completed during cool weather, because Hitchcock et al., (.1949)

and Barton and Hotchkiss (1951) have reported that germination of

waterhyacinth seed requires high temperatures (25-35°C)

.

Rapid development of waterhyacinth seedlings was observed at the

study sites and in the greenhouse during this study. Extensive stolon

production occurred 3-5 weeks after germination at the intermediate

nutrient site. The waterhyacinth seedlings produced flowers 8-10 weeks

after seed germination at this site. Seedlings introduced into the

greenhouse also flowered 8-10 weeks after seed germination. The popula-

tion of waterhyacinth seedlings and their ramets continued to flower

throughout the summer and ceased flowering in early November. In

this study waterhyacinth plants completed a life cycle (seed to seed)
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in 3-4 months (June-September). Das (1967) also reported the

reproductive life cycle of _E. crass ipes was completed in 3-4 months

in India, although. Penfound and Earle (1948) reported the life cycle

of the waterhyacinth required more than one growing season.

Anatomical Aspects of Eichhornia crassipes

Aquatic vascular plants typically demonstrate specialized

anatomical characteristics. Arber (1920) and Sculthorpe (1967)

reported that increases in aerenchymatous ground tissues throughout

all plant organs and a general decrease in vascular and lignified

tissues are anatomical features of aquatic plants. Aquatic plants

also exhibit other anatomical adaptions (specialized diaphragms,

epidermal chlorenchyma, absence of cuticle and stomates) which are

related to their specific aquatic habitat. Eichhornia crassipes

has both anatomical features of land plants and anatomical character-

istics of aquatic plants.

The presence of distinct cortical and stelar regions is

characteristic of the adventitious roots of the waterhyacinth (Figure

33). A distinct single- layered epidermis of isodiametric, thin-

walled, parenchyma cells forms the outer boundary of the root.

Although Olive (1894) and Bruhl and Dutta (1923) reported no hypo-

dermal layer, a single- layered hypodermis of thick-walled parenchyma

cells does occur in the root of the waterhyacinth. A similarly

structured epidermis and hypodermis also occur in the emergent

aquatic plant, Abolboda (Carlquist, 1960). The outer zone of

the cortex of the waterhyacinth root typically has 2-3 compact layers

of thin-walled, isodiametric, parenchyma cells, whereas the inner
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zone is loosely-arranged and composed of 5-7 layers of slightly

thick-walled, cylindrical parenchyma cells. The middle cortical zone

is composed of radially-arranged aerenchyma cells separated by inter-

cellular spaces of varying sizes. Previous authors (Olive, 1894;

Bruhl and Dutta, 1923; Weber, 1950) also noted the middle cortical

zone of the root was composed of radially oriented cells and inner and

outer cortical zones with 5-7 and 2-4 cell layers, respectively.

Although these workers reported that the parenchyma cells of the

inner cortex were thin-walled, the present study indicates that these

cells are slightly thick-walled. Roots of Abolboda also have paren-

chymatous inner and outer cortical zones as well as a middle cortical

zone of radially elongated aerenchyma cells (Carlquist, 1960). The

radial orientation of aerenchyma and intercellular spaces that occurs

in the roots of waterhyacinth also occurs in stems (e.g., Jussiaea ,

Myriophyllum ) and roots (e.g., Vallisneria , Sagittaria , Myriophyllum )

of many monocotyledons and dicotyledons (Arber, 1920; Sculthorpe,

1967; Stant, 1964; Sutton and Bingham, 1973).

The stele of the waterhyacinth root is delimited by a pericycle

of thin-walled parenchyma cells. A pith with slightly thick-walled

parenchyma cells occurs in the center of the root. Parenchyma cells

of the pith or pericycle of the waterhyacinth root were not described

by Olive (1894) or Bruhl and Dutta (1923) , although Carlquist (1960)

noted a distinct parenchymatous pericycle and sclerenchymatous pith

in the roots of Abolboda . Stant (1964) reported, however, that the

pericycle was often composed of thick-walled parenchyma cells in the
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roots of species of the Alismataceae. The stele of the watcrhyacinth

root is polyarch- and possesses endarch primary xylem and primary

phloem at alternating poles. Olive (1894), Bruhl and Dutta (1923),

and Couch (1971) also observed that the stele was polyarch, and the

former authors noted xylem maturation was endarch. The primary phloem

is composed of 1-3 sieve tube members with companion cells and the

primary xylem has one metaxylem vessel and 1-2 protoxylera tracheids.

Cheadle (1970) considers the metaxylem vessels of the root of _E.

crassipes the most advanced vessels in the Pontederiaceae. Although

each xylem pole of the root of E_. crassipes has only a single vessel,

Stant (1964) reported that 1-3 vessels occur at each xylem pole of

roots of Sagittaria spp. and Echinodorus spp.

Stems and stolons (first internode of the axillary bud) of the

waterhyacinth have similar anatomical features (Figures 32,35). A

single-layered epidermis of thin-walled parenchyma cells forms the

outer boundary of both the stem and the stolon, although neither

Olive (1894) nor Bruhl and Dutta (1923) noted an epidermal layer in

either the stolon or the stem. Stems of species of the Alismataceae,

however, have no epidermis and a multilayered periderm is the only

outer boundary (Stant, 1964). The outer cortical zones of the stem

and stolon consist of 3-6 compact layers of large, thin-walled paren-

chyma cells, although neither Olive (1894) nor Bruhl and Dutta (1923)

mentioned this layer. The middle cortical zone of the stolon and stem

are anatomically similar and composed of aerenchyma tissue separated

by intercellular spaces (0.08-0.12 mm in diameter). Olive (1894)
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noted a distinct aerenchymatous middle cortical zone in the stolon,

although Bruhl and Dutta (1923) described the cortex of the stem

as a pseudo-cortex comprised of fused leaf bases. Small water-

hyacinth plants observed in this study typically had very short inter-

nodes and the leaf bases were nearly continuous and appeared to form

a pseudo-cortex as Bruhl and Dutta described. The epidermis and

cortical layers of the stem were distinct, however, in the longer

interrtodes of larger waterhyacinth plants also observed in this study.

The cortex of stems and stolons of waterhyacinths have a distinct

aerenchymatous zone, although the cortex of stems of members of the

Alismataceae were typically parenchymatous (Stant, 1964). In the

present study the cortical vascular bundles of the stem contain 4-8

primary xylem tracheids, whereas the cortical bundles of the stolon

may have 1-2 primary xylem tracheids and 1-3 conspicuous protoxylem

lacunae. The number of sieve tube members and companion cells of the

primary phloem of cortical vascular bundles is somewhat higher in the

stems (4-6) than in the stolons (2-5) . Perivascular fibers occur

external to the primary phloem within a single layer of large, thin-

walled parenchyma cells that surrounds the cortical vascular bundles

in both organs. Stant (1964) reported that fibers and large, thin-

walled parenchyma cells were always associated with vascular bundles

in stems of species of the Alismataceae.

The central cylinder of parenchymatous ground tissue and vas-

cular bundles is distinct in both the stem and stolon (cf. Figures

32,35). Small, rectangular, thin-walled parenchyma cells in 1-3



159

layers clearly delimit the central cylinder of the stem, but

do not occur in the stolon. The compact ground tissue of the

central cylinder of the stem is composed of small, thin-walled

parenchyma cells, whereas the compact ground tissue of the central

cylinder of the stolon is composed of large, thin-walled paren-

chyma cells. Olive (1894) and Bruhl and Dutta (1923) noted the

compact parenchymatous nature of the central cylinder of both stolons

and stems, respectively, although the latter authors did not identify

a distinct parenchymatous layer in the stem. Collateral vascular

bundles are randomly distributed throughout the central cylinder of

the stem and stolon, and Olive (1894) and Bruhl and Dutta (1923)

also noted collateral vascular bundles in these organs. The vas-

cular bundles of the central cylinder of the stem are typically

composed of one metaxylem vessel and 1-4 protoxylem tracheids, whereas

vascular bundles of the central cylinder of the stolon have 1-3 con-

spicuous protoxylem lacunae and occasionally have 1-2 protoxylem

tracheids. The primary phloem is composed of 2-4 sieve tube members

and companion cells in the vascular bundles of the central cylinder

of both stems and stolons.

The vascular systems of the central cylinder and the cortex

of the stems and the stolons of the waterhyacinth are distinct and

separate. Tomlinson (1970) and Zimmerman and Tomlinson (1972) re-

ported the occurrence of distinct and separate vascular systems in

both the central cylinder and the cortical regions of plants from five

unrelated monocot families. By analyzing the course and development
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of vascular bundles in monocotyledons, these authors have shown the

existence of both an inner (central cylinder) and an outer (cortical)

axial vascular system. The vascular bundles of the central cylinder

of the stems and stolons of E_. crassipes are complex three-dimensionally.

In the central cylinder of stems the vascular bundles proceed vertically

and obliquely in typical transections. Zimmerman and Tomlinson (1972)

indicated three-dimensional complexity is a major characteristic of

the course of the vascular bundles in the inner axial system. Although

the course of cortical bundles in stems and stolons of E. crassipes

was not analyzed in this study, the low number of vascular bundles in

the cortex compared to the central cylinder indicates that the cortical

axial vascular system is much less developed than the axial vascular

system of the central cylinder. Zimmerman and Tomlinson (1972) reported

that outer axial vascular systems were typically less developed than

inner axial vascular systems in the monocot species they studied.

Cortical vascular bundles of E. crassipes differ anatomically from

the vascular bundles of the central cylinder, and Zimmerman and Tom-

linson (1972) also described anatomical differences between vascular

bundles in the inner and outer vascular systems of monocot stems.

The vascular bundles of the cortex and the central cylinder of stems

and stolons of 12. crassipes appear distinct. Consequently,

vascular development in _E. crassipes is probably organized into

inner and outer vascular systems in accordance with suggestions

by Tomlinson (1970) and Zimmerman and Tomlinson (1972) that all

monocotyledons have inner and outer vascular systems.
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The primary vegetative shoot of E. crassipes terminates in an

inflorescence. Vegetative growth of the primary shoot continues

from the axillary bud (secondary shoot) of the terminal leaf of the

primary shoot shortly after floral initiation. The growth pattern

of the waterhyacinth is sympodial.. The sympodial growth pattern of

the waterhyacinth was also described by Warming (1871) who reported

that an inflorescence terminated the primary axis of the plant (Ag-

harkar and Banerji, 1930). Warming indicated that the axillary bud

of the terminal leaf underwent development and produced vegetative

growth (Agharkar and Banerji, 1930). Sympodial growth patterns

with terminal or hapaxanthic inflorescences are common in the mono-

cotyledons and predominate in the Bromeliaceae, Haemodoraceae,

Heliconiaceae, Zingiberaceae, and Alismataceae (Tomlinson, 1970;

Charlton, 1973). Preliminary studies also indicate that sympodial

growth also predominates in the Pontederiaceae.

Although the secondary shoot arises from the ultimate axillary

bud of the primary shoot, the vascular supply to the secondary

shoot, the anatomy of the cortex, and the prophyll of a secondary

shoot are dissimilar from comparable structures in an axillary

shoot. The vascular supply of an axillary shoot originates in

the parenchymatous layer of the stem from two separate pairs of

bud traces. Manis (unpublished data, Botany Department, University

of Florida) also noted that axillary bud traces arise in separate

pairs from the parenchymatous layer of the stem. In this study

one pair of bud traces was observed below the insertion of the axillary

bud and proceeded vertically toward the axillary bud, whereas the

other pair of bud traces arose below and proximal to the insertion
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of the axillary bud and proceeded laterally toward the axillary bud.

The four bud traces finally fused in the cortex of the stem to form a

single large vascular trace that proceeded into the axillary bud.

The vertical and lateral progression of axillary bud traces and their

fusion into a single trace proximal to the insertion of an axillary

bud has also been reported by Manis (unpublished data) . Specific

bud traces cannot be identified in transections through the insertion

of the secondary shoot in this study. The separate vascular bundles

of the central cylinder of the stem continue directly into the

secondary shoot. The secondary shoot receives the vascular tissue

of the central cylinder directly, whereas an axillary shoot receives

only lateral bud traces from the vascular tissue of the central

cylinder.

The secondary shoot (ultimate axillary bud of the primary shoot)

of E. crassipes is the functional stem apex of the plant after the

primary stem apex has terminated in an inflorescence. The anatomical

features of the secondary shoot are identical with anatomical features

of the stem (cf. Figures 32,37), whereas the anatomical features of the

axillary shoot are identical with the anatomical features of the stolon

(Figure 35). The secondary shoot has a distinct parenchymatous layer

composed of 1-2 layers of small, rectangular, thin-walled parenchyma

cells that separate the parenchymatous ground tissue of the central

cylinder from the inner cortex. A distinct parenchymatous layer is

absent in the axillary shoot. The axillary shoot has an outer compact

cortical zone of large, thin-walled parenchyma cells and inner cortical
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zone of aerenchyma cells separated by large intercellular spaces,

In addition to a compact outer cortical zone of large, thin-walled

parenchyma cells and a middle cortical zone of aerenchyma cells

separated by large intercellular spaces, the secondary shoot possesses

an inner cortical zone of 3-5 layers of small, thin-walled parenchyma

cells. Vascular bundles that occur in the cortex of central cylinder

of an axillary shoot typically possess 1-3 conspicuous protoxylem

lacunae and occasionally possess 1-2 primary xylem tracheids. Vascular

bundles in the central cylinder or cortex of the secondary shoot,

however, possess one metaxylem vessel and 4-8 primary xylem tracheids.

Transections through the insertion of the secondary shoot on the

primary shoot reveal that some anatomical features typical of a

secondary shoot never occur in an axillary shoot.

The prophyll and the first leaf of the secondary shoot are not

morphologically similar to the prophyll and first leaf of a typical

axillary shoot. The membranous prophyll of a secondary shoot arises

distal (0.5-2.0 cm) to the insertion of the secondary shoot on the

primary stem, whereas the prophyll of an axillary shoot arises at the

insertion of the axillary bud on the primary stem. The membranous body

of a prophyll of both an axillary shoot and a secondary shoot

terminates ina stipule-flap and aborted lamina. The stipule-flap of

the prophyll of a secondary shoot is broad, well-developed, and the

same size as the stipule-flap that terminates the stipule of a typical

leaf, however, Weber (1950) reported that the stipule-flap of the

prophyll of an axillary shoot is small, poorly developed, and much
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smaller than the stipule-flap of the stipule of a typical leaf. The

prophyll of a secondary shoot has an elongate, cylindrical aborted

lamina, whereas the aborted lamina of the prophyll of an axillary

shoot is small and flattened (Weber, 1950).

After the prophyll the initial leaf formed by the secondary shoot

is similar in size and morphology to the leaves produced by the primary

shoot. If the primary shoot produces short leaves with reniform

laminas and swollen petioles, the first leaf of a secondary shoot also

has short leaves with reniform laminas and swollen petioles. The

initial leaf of a secondary shoot has an ovate lamina and elongated

petiole if the primary shoot produced elongated leaves before floral

initiation. A prophyll-like leaf is initially formed by the axillary

shoot after the prophyll. This first leaf is modified to protect

the young ramet and is composed of a well-developed stipule with a

broad stipule-flap. Weber (1950) demonstrated the well-developed,

broad stipule, and broad stipule-flap of the first leaf of the

axillary shoot. He also indicated that the first leaf had a long,

narrow aborted petiole with an aborted lamina that originated at the

midpoint of the stipule. This characteristic aborted petiole and

lamina was evident in the present study and was noted to be distinctly

different from a typical leaf with a distinct lamina and petiole.

Although the second leaves of an axillary shoot and a secondary shoot

are morphologically similar to a typical leaf of the primary plant,

the first leaf of an axillary shoot is quite atypical and modified.

The first leaf of a secondary shoot, however, is similar to a typical

leaf of the primary shoot.
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A secondary shoot and an axillary shoot vary developmentally

.

The time of development of these organs also varies. Axillary shoots

produce an elongated internode (stolon) between the prophyll and the

first leaf of the ramet that carries the new ramet horizontally to

the water surface. The secondary shoot has no elongated internode

and is oriented vertically. The secondary shoot initiates development

shortly after floral initiation. Development of the secondary shoot

continues regularly and the first mature leaf of the secondary shoot

matures 2-5 days after anthesis of the terminal inflorescence of

the primary shoot. Apical dominance arrests the development of the

axillary shoot after the 6th-8th plastochron (Manis, unpublished data)

and the axillary bud remains dormant until apical dominance is released.

The axillary shoot dimorphism of jE. crassipes is caused primarily

by the change in the primary stem apex from vegetative growth to

reproductive growth. An axillary bud primordium formed on the apex

of the stem of E. crassipes may become a secondary shoot or remain as

an axillary bud. The development of the axillary bud primordium is

determined by the developmental status of the stem apex. When the

primary stem apex becomes reproductive and an inflorescence terminates

the primary shoot, the ultimate axillary bud primordium becomes the

new stem apex. When the primary stem apex is destroyed (i.e., by

the herbivore Arzama densa ) the ultimate axillary bud or bud primordium

develops into an axillary shoot or a secondary shoot, respectively.

During Arzama infestations dimorphic axillary shoots (typical elongated

lateral stolons or atypical nonelongated, vertical stolons)were observed.
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The typical, elongated, lateral stolons develop from axillary buds

because the whole apex of the plant and apical dominance was removed

by the insect. The atypical, nonelongated , vertical stolons probably

develop because only a portion of the apical meristem was removed and

a proximal axillary bud primordium developed as a secondary shoot.

Consequently, the proximity of an axillary bud or bud primordium to the

apex possibly determines the type of development the bud will possess.

The extensive and complete vascular attachment of the secondary

stem apex to the axial vascular systems of the primary stem is

determined by the proximal location of the bud primordium to the

primary stem apex. Zimmerman and Tomlinson (1972) stated that the

type of vascular attachment of a lateral organ to a monocot stem

depends upon the proximity of the developing lateral organ to the

origin of the axial vascular system. Tomlinson (1970) indicated

that the axial vascular system in monocotyledons originated in the

meristematic cap that is proximal to the leaf primordia. The ultimate

axillary bud primordium of E. crassipes becomes the functional stem

apex shortly after floral initiation. Because the ultimate axillary

bud primordium is proximal to the primary apex, this bud primordium

is able to redirect the uncommitted vascular bundles from the

developing inflorescence into the secondary shoot. The inner (central

cylinder) and the outer (cortical) axial vascular systems of _E.

crassipes develop fully in the secondary shoot distal to the insertion

of the secondary shoot in the primary stem because the secondary apex

has assumed all morphogenetic and physiological functions of the

primary apex.
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A small, lateral vascular attachment (vertical and lateral bud

traces) occurs between a typical axillary shoot and the primary stem..

The primary stem apex remains intact throughout the development of

the axillary bud primordium and only a few vascular bundles develop

toward the axillary shoot apex. If a proximal axillary bud primordium

becomes the vegetative apex (after destruction of the primary stem

apex) the proximal axillary bud primordium receives a complete

vascular attachment to the primary shoot.

The peduncle of an inflorescence of E: crassipes is anatomically

dissimilar to that of either the stem or stolon (cf. Figures 14

,

32,35). A distinct single-layered epidermis of isodiametric, thin—

walled parenchyma cells and cuticle form the outer boundary of the

peduncle. The outer zone of parenchymatous ground tissue of the

peduncle is 5-7 cell layers thick and composed of small chlorenchyma

cells and larger thin-walled parenchyma cells. The outer cortical

zone of both a stem and a stolon are composed of 5-7 layers of

large, thin-walled parenchyma cells, although no chlorenchyma cells

are present. Stant (1964) reported that peduncles of members of the

Alismataceae also possess a chlorenchymatous outer zone of ground

tissue, whereas outer zones of ground tissue of stems of the same

species are nonchlorenchymatous.

Distinct cortical and central cylinder regions of ground tissue

are not present in the peduncle, whereas these regions are discernible

in both stems and stolons. Weber (1950) also reported that cortical

and central cylinder regions were not distinct in the peduncle of
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E. crassipes and indicated that the aerenchymatous ground tissue of

the peduncle strikingly resembled the aerenchymatous ground tissue of

petioles of the leaves. In the present study a central lacuna is

present in allthe peduncles of inflorescences, whereas a central

lacuna is lacking in the leaf petioles. This characteristic is also

observed in peduncles and petioles of E. azurea and Pontederia cordata

Peduncles of Alisma plantago and Damasonium stellatum (Alismataceae)

also have a central lacuna whereas leaf petioles of the same species

are wholly aerenchymatous (Stant, 1964).

The peduncle of the inflorescence of E. crassipes has only

aerenchymatous ground tissue around the central lacuna. Stems and

stolons of E. crassipes have a distinct parenchymatous central cylinder

and a cortical region of both aerenchymatous and parenchymatous

tissues. Vascular bundles are randomly distributed in both the

central cylinder and aerenchymatous cortical zone of the stem and

stolon, whereas vascular bundles are randomly distributed in the

aerenchymatous ground tissue of the peduncle. Vascular bundles are

typically arranged in concentric rings in peduncles of members of the

Alismataceae (Stant, 1964), whereas vascular bundles in the peduncle

of E. crassipes are randomly distributed. In this study the collateral

vascular bundles of the peduncles of E. crassipes have primary xylem

composed of 1-3 protoxylem tracheids and a protoxylem lacuna. The

primary xylem of the collateral vascular bundles of the stolon is

composed of 1-3 conspicuous protoxylem lacunae and occasionally 1-2

primary xylem tracheids, whereas the primary xylem of the collateral
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vascular bundles of the stem is. composed of 1—8 primary xylem tracheids

and a single metaxylem vessel. The primary phloem in the peduncle

consists of 2—6 sieve tube members and companion cells. Perivascular

fibers are external to the primary phloem and occur within the layer

of large, thin-walled parenchyma cells that surround each vascular

bundle of the peduncle. The vascular bundles in the central cylinder

of both stem and stolon are surrounded only by ground parenchyma.

Perivascular fibers do not occur in these bundles.

Anatomical changes occur within the peduncle of the inflorescence

of E. crassipes as postanthetic bends form and lower the flowers to

the water surface for fruit development and seed dispersal. Post-

anthetic bends in the peduncle of both E. crassipes and Pontederia

cordata are distinct and necessary to bring the emergent inflorescences

to the water surface. The postanthetic bend in the peduncle of E_.

azurea is small and not distinct, however, because the inflorescence

is borne near the water surface. Arber (1920) noted that numerous

species of aquatic plants (Aponogetonaceae, Hydrocharitaceae, Ponte-

deriaceae) also have peduncle bends or submerse entirely in order to

bring their fruit to the water surface. The thin-walled, rectangular

parenchyma cells of both the epidermis and the outer layer of ground

tissue on the convex side of the peduncle increase in length 1.3-1.6

times (.050-. 135 mra) during postanthetic curvature. The thin-

walled rectangular parenchyma cells of both the epidermis and outer

layer of ground tissue on the concave side of the peduncle remain

relatively constant in size (.035-. 090 mm) during postanthetic
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curvature (Figures 28, 29)- Weber (1950) demonstrated that the

length of epidermal and cortical cells on the convex side of the

peduncle increased approximately 1.4-1.9 times compared to cells on

the concave side, whereas Das (1967) reported that the hypodermal

cell lengths on the convex side are 2,1-2,6 times longer than cells on

the concave side. Weber (1950) correlated the bending phenomena of

postanthetic inflorescence development of E. crassipes with the high

density of stomates and associated chlorophyllous tissue that occur

in the region of the capital bend. He indicated that the chlorophyllous

tissues were functionally responsible for the bending phenomena.

Differential localization of auxin, however, may be responsible for

the bending phenomena. Differential cell elongation in coleoptiles

is caused by auxin activity (Davies, 1973) and auxin concentration is

an important factor in cell and stem elongation in most plant species

(Galston and Purves, 1960). Altered auxin levels caused the bending

phenomenon in the gynophore that directs the fruit of the peanut

(Arachis hypogea ) underground (Jacobs, 1951). Differential cell

elongation by localized auxin activity may cause the postanthetic

curvature of the inflorescence of the waterhyacinth, although the

origin of the auxin is unknown. Salisbury and Ross (1969) indicated

that high auxin concentrations typically occur in pollinated flowers

of most plant species. Previous workers (Rao, 1920b; Bock, 1966; Das,

1967) have reported that postanthetic bending of the inflorescence

of E. crassipes occurs if pollination was prevented or after removal

of the flowers o r the whole inflorescence. If high amounts of auxin
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occur in the pollinated flowers of E. crassipes this auxin probably

has no effect on postanthetic curvature.

The characteristic inner and outer bracts of the inflorescence

are inserted opposite each other at the midpoint of the inflorescence.

(Figure 9). The outer bract has- a well-developed sheathing base

that terminates adaxially in a stipule-flap and adaxially in a sub-

cordate lamina. The inner bract has a sheathing base that is thinner

and more membranous than the sheathing base of the outer bract and

terminates adaxially in a stipule-flap and abaxially in an aborted

lamina. A membranous inner bract that terminates in an aborted lamina

and an outer bract that terminates in a leaf-like lamina have also

been observed in preliminary studies on the inflorescences of E.

azurea and Pontederia cordata . In the Pontederiaceae flowers are

subtended by two bracts with sheathing bases and the outer bract is

terminated by a leaf-like lamina (Castellano, 1958). The lamina of

the outer bract of F,. crassipes has a subcordate base, whereas the

lamina of a typical leaf of this species is larger and has an obtuse

to truncate base (cf. Figures 12,41). No differences in gross morph-

ology between the lamina of the outer bract and the lamina of a

typical leaf of E_. azurea and Pontederia cordata were observed in

this study.

The lamina of the outer bract of the inflorescence of E.

crassipes is similar anatomically to the lamina of a typical leaf.

The lamina of an outer bract has two layers of palisade mesophyll

near the adaxial surface. The palisade mesophyll is interrupted
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by a series of collateral bundles wiLh xylem adaxial Lo phloem.

One layer of palisade mesophyll occurs near the abaxial surface of

the lamina. This layer of palisade mesophyll is interrupted by a

series of small collateral bundles with xylem abaxial to phloem

(inverted orientation) (Figure 20). Previous workers (Olive, 1894;

Arber, 1920; Bruhl and Dutta, 1923) also reported that a lamina of

a leaf of _E. crassipes was composed of an adaxial and an abaxial

layer of palisade mesophyll separated by collateral vascular bundles

with normal and inverted orientations. Arber (1920) also demonstrated

that the leaf of _E. crassipes is anatomically similar to the unifacial

leaf of Pontederia cordata and Heteranthera zos teraef olla .

The aborted lamina of the inner bract has a unifacial anatomy.

Chlorenchyma cells (3—5 layers) occur near both the abaxial and

adaxial surfaces, and collateral vascular bundles with primary xylem

interior to primary phloem are dispersed in the ground tissue (Figure

19). The unifacial anatomy characteristic of the laminas of the

bracts and leaves of E. crassipes and other members of the Ponte-

deriaceae is a major factor in the "phyllode theory" (Arber, 1918).

Arber (1918, 1920, 1925) reported that leaves of many species of

monocotyledons had unifacial anatomical characteristics. She

described vascular bundles with an inverted orientation from leaves

of many species with and without laminas. She theorized the laminas

of monocot leaves were lost evolutionarily when monocotyledons were

derived from dicotyledons. She interpreted the lamina of the leaf

of E. crassipes as a pseudolamina because it appeared to be an
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expanded and flattened petiole. Kaplan (1973) demonstrated that the

lamina of dorsiventral leaves (unifacial) of some monocotyledons

is not positionally equivalent to the lamina of dicotyledonous leaves.

He stated that these dorsiventral laminar leaves are developmental

elaborations of the basal, meristem-encircling part of the leaf

primordium, and the distal upper leaf zone (homologous to the lamina

of dicot leaves) remains rudimentary. Previous work (Bruhl and

Dutta, 1923; Roth, 1949) indicates that the leaves of E. crassipes

may be developmentally similar to other monocotyledon species with

dorsiventral laminar leaves. In this study the rudimentary upper leaf

zone (precursor tip) is an apical brown portion on the laminas of

both the outer bract and leaves of E_. crassipes . Bruhl and Dutta

(1923) also noted the aborted brown apical portion of the laminas

of the leaves and demonstrated that the vascular bundles in the

precursor tip of young leaves arose from the laminar portion of

the leaf. The precursor tip also has a cylindrical shape (Bruhl and

Dutta, 1923), as shown for the precursor tip of other monocotyledonous

leaves (Kaplan, 1973). Kaplan (1973) reported that monocot leaves

with distinct morphological differentiation between lamina and petiole

had small precursor tips. Bruhl and Dutta (1923) indicated that the

precursor tip of leaves of E. crassipes had a length of 0.2 mm,

whereas the precursor tip of leaves of Ornitholgalum caudatum was

typically 25 mm long (Kaplan, 1973). The lamina and petiole of 0.

caudatum were poorly differentiated (Kaplan, 1973), whereas in this

study the lamina and petiole of leaves of E. crassipes are morphol-

ogically distinct. Kaplan (1973) also reported that monocot leaves
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with distinct morphological differentiation hetween lamina and petiole

demonstrated this differentiation very early in the development of

the leaf, Roth (1949) reported that leaf primordia of JE, crassipes

(0.20 mm) and j?. cordata (0,38 mm) are very small when the lamina is

morphologically distinct from the petiole. Thus, differentiated

leaf primordia of E. crassipes are small and similar in size to the

differentiated leaf primordia (0.25 mm) of Zantedeschia aethiopica

(Kaplan, 1973). Kaplan analyzed the ontogeny of the leaves of this

species and determined that this species possesses a dorsiventral

laminar leaf. Leaves of E_. crassipes possess a very small but distinct

precursor tip, are differentiated into lamina and petiole, and exhibit

this differentiation early in their development. These morphological

features are characteristic of dorsiventral laminar leaves (Kaplan,

1973). Because the leaves of E_, crassipes appear to be dorsiventral

laminar leaves, the leaves of this species would possess a true lamina.

Although the laminas of leaves of E_. crassipes have unifacial anatomical

features, the leaf is probably morphologically similar to typical

bifacial leaves with true laminas. Consequently, the term pseudo-

lamina (Arber 1918, 1920) is not valid for the lamina of the water-

hyacinth leaf.

The vascular anatomy of the mature flowers of E. crassipes

reveals a sequential progression of vascular traces from a vascular

plexus into each succeedingly distal group of floral appendages

(Figure 22). Each perianth member has three vascular traces that

originate from a vascular plexus at the base of the flower, although

the petal traces separate from the vascular plexus distal to the
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separation of sepal traces., Singh (1962) reported vascular traces

from sepals and petals separated simultaneously from the vascular

plexus in flowers of 15. crassipes and Monochoria spp. (Pontederiaceae) ..

Stamen traces of E_. crassipes occur conjoint to the median perianth

trace until the distal level of carpel-perianth tube separation,

although Singh (1962) indicated that separation of a stamen trace

from a median perianth trace occurs at the level of the separation of

the carpel from the perianth tube. Singh (1962) also reported that

the conjoint stamen-median perianth trace of Monochoria spp. separates

proximal to its origin in the vascular plexus. Stamen filaments are

epiphyllous only at the base of the perianth members of Monochoria

(Singh, 1962), whereas stamen filaments of E. crassipes are epiphyllous

upon the perianth members for the entire length of the perianth tube.

The three carpels of a flower of E_. crassipes have two marginal

vascular bundles and a single median vascular bundle. Singh (1962)

reported that three marginal carpellary traces proceeded from a vas-

cular plexus, separated dis tally, and formed the marginal bundles of

each carpel, whereas in the present study six marginal carpellary

traces proceed from a vascular plexus and form the marginal carpellary

bundles. The marginal carpellary bundles do not arise on the same

radius as the median carpellary bundle, although Singh (1962) reported

a common radius for the origin of these bundles. Although Singh

(1962) indicated that the median carpellary bundles separated from

the vascular plexus proximally to the origin of the marginal car-

pellary bundles, the latter carpellary bundles separated from the

vascular plexus proximal to the origin of the median bundles in this
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study. Distal to the hase of the carpel the marginal vascular

bundles of each carpel undergo multiple divisions to form large

vascular bundles, whereas Singh (1962) indicated that a single

large vascular bundle occurred in each carpel and was the single

trace from the vascular plexus. In the flower of Monochoria spp.

Singh (1962) observed six large marginal carpellary traces that

occurred as a single ring of vascular tissue. He reported that

primary xylem occurred internally in these large vascular bundles,

whereas in this study primary xylem was interspersed with primary

phloem in the large marginal bundles of the carpels of 12. crassipes .

The marginal carpellary bundles terminate in the apex of the car-

pels, whereas the median carpellary bundles continue into the

style and terminate in the stigma. The marginal carpellary bundles

and the median carpellary bundle of each carpel of the flowers of

E. crassipes and Monochoria spp. also terminate in the apex of

the carpel and the stigma, respectively (Singh, 1962).

The intercarpellary walls of the flowers of E_. crassipes vary

anatomically distal to the base of the carpels. At the base of the

carpels the intercarpellary wall is composed of 4-7 layers of small,

isodiaraetric, thin-walled parenchyma cells, although these cells

deteriorate distally. This deterioration of cells in the inter-

carpellary walls is more pronounced in the flowers of Monochoria

vaginalis (Singh, 1962). A canal lined witli large densely stained

parenchyma cells appears within each intercarpellary wall and con-

tinues from the base of the carpel to the level of the placentae.



177

These blind canals may be stylar canals lined with transmitting

tissue, although they- are located in the proximal end of the pistil.

Because transmitting tissue is evident in the distal region of the

pistil and it is not connected to the canals that occur in the base

of the pistil, no function for these basal canals is known. The

functional transmitting tissue of the carpels is located between

the divided placentae in the carpels, continues through the style,

and terminates in the stigma (cf. Figures 26,27). Singh (1962)

did not observe these canals in the intercarpellary walls of flowers

of either E_. crassipes or Monochoria spp.

Characteristic features of the seed coat of mature seeds are

visible in the carpels of the flower of E_. crassipes twelve days

after pollination (Figure 31) . Longitudinal ridges derived from

the outer integument of the ovule are apparent. Previous workers

(Coker, 1907; Parija, 1934; Penfound and Earle, 1948) noted these

external ridges on seeds of E. crassipes and the latter authors

indicated that 12-15 ridges typically occur on each mature seed.

Castellano (1958) has noted longitudinal ridges on the seed coat

are typical in the Pontederiaceae. In the present study a double

layer of macrosclerids occurs in the seed coat of E_. crassipes and

is derived from the inner integument of the ovule. Coker (1907)

reported that the sclerified seed coat of both E. crassipes and

Heteranthera limosa (Pontederiaceae) is derived from the inner

integument.

The perianth members, petals and sepals, of the flower of

E. crassipes are anatomically similar (Figure 27) . The perianth
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members of 12. crassipes are fused for 1/3 of their length into a

perianth, tube, whereas the perianth members of the flowers of Mono-

choria spp. are free (Singh, 1962). The ground tissue of the fused

petals and sepals of _E.. crassipes is composed of an outer zone of

4-6 layers of thin-walled, isodiametric parenchyma cells, a middle

zone of aerenchyma cells separated by large intercellular spaces

in a single series, and an inner zone of 3-4 layers of thin-walled,

isodiametric parenchyma cells. The vascular traces from the vas-

cular plexus proceed into each perianth member, divide repeatedly,

and form two rows of unequal-sized bundles. The larger vascular

bundles occur in a single row in the outer zone of ground tissue

and possess primary xylem adaxial to primary phloem. The smaller

vascular bundles possess primary xylem abaxial to primary phloem

and occur in a single row in the inner zone of ground tissue of

each perianth member. Although inverted bundles occur in the peri-

anth members of E_. crassipes , inverted bundles do not appear in

perianth members of Monochoria (Singh, 1962). He concluded that

the unifacial nature (inverted vascular bundles) of the perianth

members of E. crassipes indicated the perianth were phyllodic in

nature.



SUMMARY

The following statements summarize this comparative ecological

and morphological study of sexual reproduction in Eichhornia crassipes

(Mart.) Solms with emphasis on anatomical features of sexual repro-

duction.

1. Increases in nutrient concentrations increased leaf

size of waterhyacinth plants and decreased maximum

rootlength and the overall root system. The number

of stolons per unit area and the amount of total mass

(standing crop) was not affected by changes in nutrient

concentrations.

2. Stress by cold temperatures or herbivore infestations

caused increased stolon number per unit area. Increased

numbers of stolons resulted in decreases in maximum

rootlengths, leaf size, and number of leaves in a given

waterhyacinth population.

3. Waterhyacinth plants exhibited a distinct morphological

leaf type when the waterhyacinth population was invading

an open site. Under conditions of low plant density and

low intra- and interspecific competition, leaves of

waterhyacinth plants had short, swollen petioles that

comprised 40-60% of the total leaf length and reniform

laminas that were wider than long.

179
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4. Waterhyacinth plants exhibited a distinct morphological

leaf type in stable, competing waterhyacinth populations.

Leaves of waterhyacinth plants had elongated, narrow

petioles that comprised 70-80% of the total leaf length

and ovate laminas that were longer than wide under con-

ditions of high population density and intense intra-

or interspecific competition.

5. Floral initiation in waterhyacinths was not correlated

with weekly means of mean temperature, high temperatures,

low temperatures, photoperiod, total solar insolation,

or rainfall. Mean low temperatures of 6-15°C prevented

floral initiation and indicated that a threshold low

temperature may be necessary for flowering in E_. crassipes .

6. The nutrient status of the waterhyacinth plants and

of their habitat was correlated to floral initiation.

Floral initiation occurred in waterhyacinths during

periods of vigorous growth and relatively low nitrogen

concentrations. Low nutrient conditions occur annually

in the native habitat of _E. crassipes and may stimulate

sexual reproduction and seed production to maintain the

waterhyacinth population through the periods of cata-

strophic mortality caused by the floods of the annual

rainy season.

7. Increases in nutrient concentration increased the flower

number and the size of both the inflorescence and the
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individual bracts but had no effect on the size of floral

appendages. The growth rate of the inflorescence was not

affected by nutrient concentrations and inflorescence

development required 6-9 days.

8. Natural pollination and seed set were observed infrequently

at the study sites, although successful artificial pol-

lination and seed set was affected at both the study

sites and in the greenhouse.

9. Widespread seed germination occurred on reflooded peaty

sediments during high temperatures and high light

intensities of Summer after a controlled drawdown and

reflooding at one study site.

10. The adventitious roots of E. crassipes have an aeren-

chymatous cortex with large, radially arranged intercellular

spaces and a polyarch stele.

11. Stems and stolons of _E. crassipes have similar anatomical

characteristics. The central cylinder of both the stem

and stolon is parenchymatous, whereas the cortex of both

organs has an aerenchymatous zone. Collateral vascular

bundles occur in both the central cylinder and the cortex

of the stem and stolon. These vascular bundles occur

more frequently in the central cylinder than in the cortex

of these organs.

12. The peduncle of the inflorescence is composed of aeren-

chymatous ground tissue and a large central lacuna. Col-

lateral vascular bundles are scattered throughout the
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aerenchymatous ground tissue of the peduncle.

13. Two bracts with sheathing bases are borne on the

inflorescence of JE. crassipes . The outer bract has

a well-developed sheathing base that terminates in

a membranous stipule-flap and a well-developed lamina.

The sheathing base of the inner bract is thinner,

however, and terminates in a membranous stipule-flap

and an aborted lamina.

14. Eichhornia crassipes exhibits a sympodial growth

pattern. The inflorescence terminates the primary

shoot and vegetative growth continues from the ultimate

axillary bud (secondary shoot). The anatomy, prophyll

morphology, and development of the secondary shoot

(after floral initiation) is dissimilar from that of

a typical axillary shoot (during vegetative growth)

.

15. Postanthetic bends occur at the base (basal), proximal

to the bases of the inflorescence bracts (capital) , and

in the interfloral region (interf loral) of the peduncle

of the inflorescence of E. crassipes . Differential cell

elongation on opposite sides of the peduncle occurs at

the location of each postanthetic bend.

16. Sepals, petals, and carpels of the flower of E_. crassipes

have three vascular traces that originate from the vascular

plexus, respectively, whereas the stamens have a single

vascular trace that arises from the median vascular trace

of each perianth member. Sepals, petals, and carpels are
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similar anatomically and possess an aerenchymatous

middle zone of ground tissue with narrow parenchymatous

zones near the adaxial and abaxial surfaces.
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