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FEASIBILITY OF RELATING PHENOLOGY AND CARBOHYDRATE PARTITIONING

TO IMPROVE AQUATIC PLANT CONTROL

Introduction

1. The relationship between phenology and carbohydrate partitioning is

well known for many terrestrial species (Mooney 1972). This knowledge has

been used to successfully control nuisance terrestrial plants (Linscott and

McCarthy 1962, Klingman 1965, Schirman and Buchholtz 1966, McAllister and

Haderlie 1985). For example, it is known that perennial plants store carbo-

hydrates in roots and rhizomes during late summer and autumn for winter sur-

vival and initiation of spring growth. As a result of frequent mechanical

cutting during summer and fall, translocation of carbohydrates to below-ground

storage structures will be dramatically reduced (Klingman, Ashton, and

Noordhoff 1975). Without adequate reserves, the plants are more susceptible

to winter injury or death, and their spring growth is diminished. Conse- %.N

quently, the time in which stored carbohydrates are depleted is a vulnerable

period, or weak point, in the life cycle for applying a control technique and

improving efficacy.

2. As with terrestrial vegetation, use of the relationship between

phenology and carbohydrate partitioning may have application to the control of

aquatic vegetation. Aquatic plants may be more susceptible to control tactics

following carbohydrate depletion in early spring and prior to translocation of

carbohydrates to storage organs in autumn. Although the growth cycles of many

nuisance species are relatively well known, the effects of various control

methods directed during specific growth stages are not.

3. In addition, aquatic plant control using carbohydrate and pheno-

logical relationships must consider the effects of environmental stress on

timing of the phenological event. Carbohydrate reserves allow plants to

recover from periods of environmental stress, e.g., temperature extremes,

disease, and physical injury from control attempts or grazing. In fact, the

use of control techniques without this information, as well as knowledge of

competitive relationships among aquatic plants, may result in selection of

undesirable plant species.

4. This report is based on a survey of the existing literature on

phenology and carbohydrate partitioning in four mnior nui"'-P qqunric plants:
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waterhyacinth (Eichhornia crassipes (Mart.) Solms, hydrilla (Hydrilla

verticillata L.f. Royle), Eurasian watermilfoil (Myriophylium spicatum L.),

and alligatorweed (Alternanthera philoxeroides (Mart.) Griesb. The objectives

of this study were to: (a) assess the feasibility of coordinating control

tactics with plant phenology through identification of susceptible periods

(weak points) in the growth cycle, (b) evaluate possible effects of environ-

mental factors on phenology and carbohydrate partitioning, and (c) identify

research needed to clarify phenology and carbohydrate relationships.

Phenology

S

5. Phenological events, e.g., seed germination, flowering, senescence,

and dormancy, occur over seasonal cycles. Changes in environmental factors

can induce stress and alter phenological events. Environmental factors that

can affect the growth of aquatic plants include light, photoperiod, tempera-

ture, nutrients, and sediment composition. The quality and quantity of light

transmission through water can determine the distribution of submersed plants

within an aquatic environment (Spence and Crystal 1970a,b; Sheldon and Boylen

1976; Singer, Roberts, and Boylen 1983). Daylength can influence some aspects

of growth, such as carbohydrate content (Grainger 1947), tuber production

(Van, Haller, and Garrard 1978), turion formation (Perry 1968, Weber and

Nooden 1976), dormancy and germination (Perry 1968), and growth rates (Chapman

et al. 1974). Temperature plays an important role in growth and development

of aquatic plants. Several studies have concluded that elevated air and water

temperatures increase biomass and accelerate development (Young 1973, Haag and

Gorham 1977, Grace and Wetzel 1978). Recent evidence suggests that a combi-

nation of light and temperature influences morphology, biomass, and metabolism

of aquatic plants (Barko and Smart 1981a).

6. Although light and temperature may be the overriding factors in

aquatic macrophyte growth, other conditions can influence the growth and

development of these plants. These growth responses have been linked to

nutrients in the sediment (Carignan and Kalff 1979, Barko and Smart 1980,

Barko and Smart 1981b). In addition, sediment density and organic content may

dictate the density and distribution of aquatic species (Barko and Smart 1983,

1986). 4
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7. The following is a survey of literature describing the phenology of

waterhyacinth, hydrilla, Eurasian watermilfoil, and alligatorweed.

Waterhyacinth

8. Growth in the floating species, waterhyacinth, is primarily by expan-

sion of a clone. Daughter plants (ramets) are produced by axillary buds

located near the distal end of the stem (Bock 1966). Once ramets become sepa-

rated from the parent plant, their buoyant, sail-like leaves allow each to

float rapidly from place to place (Holm, Weldon, and Blackburn 1969). This

free-floating condition and the rapid rate of production of daughter plants

enable waterhyacinth to spread horizontally and cover an entire water body.

9. Waterhyacinth produces leaves of two different forms, and these

depend upon both plant density and plant location within the population (Musil

and Breen 1977). Large, bulbous petioles are typical when the plant is not

crowded. Petioles become longer and thinner as interplant space decreases.

The bulbous leaf form predominates at the edge of the mat nearest the open

water, or in populations where conditions preclude the development of a closed

canopy. The swollen petiole allows the plant to remain upright and float

along the water surface (Holm, Weldon, and Blackburn 1969).

10. Studies show that freezing conditions can terminate growth and cause

the waterhyacinth mats to turn completely brown (Penfound and Earle 1948).

During a ziid , a popul-ion of r,:,stly small leaf plants has been

observed (Center and Spencer 1981). The smaller leaves, which lie close to

the relatively warm water, are better able to survive frost conditions than

the larger, more exposed leaves. New seasonal growth and increase in leaf

size can occur by early spring, with the greatest growth occurring in mid-

summer (Penfound and Earle 1948, Bock 1969). Center and Spencer (1981)

observed small and large leaf plants of waterhyacinth in the spring in Lake

Alice, Florida. The authors noted that tall, large leaf plants dominated in

summer. By autumn, a second recruitment of smaller plants occurred in the

population. During this period, a second increase in biomass production

occurred until the first frost. Frost may kill some plants, but the stem

bases of mature plants may survive through winter, resulting in a spring pop-

ulation dominated by young plants.

11. Flowering in waterhyacinth varies and has been observed to occur from

June to mid-November in California (Bock 1969), April to June and late-

September to October (Center and Spencer 1981), or throughout the year in
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Florida (Bock 1966). Shoreline plants usually bloom first. It is also common

for one population to exhibit mass blooming, while a neighboring population

produces few or no flowers (Bock 1966, Watson 1984). Plants that flower

profusely produce few ramets, whereas plants that rarely produce flowers have

many ramets. Pieterse, Aris, and Butter (1976) and Watson (1984) pointed out

that exogenously supplied gibberellic acid induced profuse flowering.

Richards (1982) demonstrated that nutrient deficiency stimulated flowering,

and Watson (1984) found flowering was inversely correlated with ramet popula-

tion growth rate. The mechanisms that trigger waterhyacinth flowering have

yet to be determined. "

12. Pollination and production of ripe seeds in waterhyacinth occur until

freezing weather prevents the production of flowers. Both cross-pollination

and self-pollination occur in this plant (Djalil 1973). Seed production prob-

ably occurs worldwide within its range (Penfound and Earle 1948, Djalil 1973,

Tag el Seed and Obeid 1975, Obeid and Tag el Seed 1976).

13. Seed germination in waterhyacinth is low, apparently because germi-

nation requires several factors to be present simultaneously: scarification;

well-oxygenated, warm, shallow water; and high light intensity (Das 1969,

Center and Spencer 1981). Ruptured seed coats result from wetting, drying,

and rewetting and give the quickest and most complete germination in labora-

tory studies (Robertson and Thein 1932, Parija 1934, Penfound and Earle 1948,

Obe4 d and Tag El Seed 1976). Bock (1966) suggested that if parent plants are

removed, their seeds would become the primary source for reinfestation. Fol-

lowing a lake drawdown, seeds would be expected to germinate along the shore-

line (Haller 1981).

Hydrilla

14. Two biotypes of this submersed species are known in the United

States. Monoecious plants, with both staminate and pistillate flowers on the

same plant, occur in Delaware, Maryland, Virginia, and North Carolina. The

dioecious biotype, with distinct pistillate-flowered plants, is found in Flor-

ida, South Carolina, Louisiana, Georgia, Texas, Arizona, Alabama, and Cali-

fornia (Senft 1981, Haller 1982).

15. Hydrilla grows from fragments (Langeland and Sutton 1980), vegetative .,

propagules (Haller 1978), and seeds (Cook and Luond 1982). Upon germination,

internodes elonga.te, and shoots grow toward the water surface. As foliage of

dioecious hydrilla approaches the surface, profuse branching occurs, resulting

dioeiou hyrila aproahesthe 6



in the formation of a dense canopy that shades out other submersed species

(Haller and Sutton 1975; Haller 1980; Swarbrick, Finlayson, and Cauldwell

0'82). Varshney and Rzoska (1973) have shown that nearly half of the photo-

synthetic tissue and biomass of dioecious hydrilla lies within 20 cm of the

water surface, and 61 percent of the total biomass lies within 40 cm of the

surface. Rather than forming dense canopies, monoecious hydrilla spreads

along the bottom, sending shoots toward the surface in scattered patches

(Environmental Laboratory 1985). However, canopy formation has been observed

in monoecious plants growing in North Carolina (personal observation).

16. Seasonal biomass patterns differ for the two biotypes of hydrilla. A

biomass gradient even exists between southern and northern Florida lakes for

the dioecious blotype. Hydrilla persists throughout the year in southern

Florida lakes, but the canopy collapses in northern Florida lakes during win-

ter (Bowes, Holaday, and Hailer 1979). Hydrilla biomass peaks anywhere from

July to November (Nail and Schardt 1978; Bowes, Holaday, and Hailer 1979).

Monoecious plants from the mid-Atlantic states completely senesce, with little

viable biomass and few fragments overwintering (Environmental Laboratory 1985;

Harlan, Davis, and Pesacreta 1985).

17. Hydrilla forms two asexual reproductive propagules, subterranean

tubers and above-sediment turions, which account for the plant's ability to

infest new areas and regrow from year to year (Hailer 1978). Reports indicate

that more tubers are produced than tutions (Mitra 1964; Hailer 1978; Dhahiyat, %

et al. 1982; Sastroutomo 1982; Harlan, Davis, and Pesacreta 1985). Maximum

tuber production for the dioecious biotype in the United States varies from

400 to 882 tubers per square metre (Miller, Garrard, and Hailer 1976; Anderson

and Dechoretz 1982; Sutton and Portier 1985). Up to 1,300 tubers per square

metre were produced by monoecious hydrilla in North Carolina impoundments

(Harlan, Davis, and Pesacreta 1985). Estimates of maximum turion production

ranged from 42 turions per square metre for monoecious hydrilla in North

Carolina (Harlan, Davis, and Pesacreta 1985) tc 273 turions per square metre ..

for dioecious hydrilla in Florida lakes and canals (Sutton and Portier 1985).

Why hydrilla produces more tubers than turions has not been determined.

Still, the large number of tubers and turions indicates the potential for

reinfestation from these propagules.

18. Water temperature and photoperiod play an important role in tuber

production of hydrilla. Tuber and turion formation in dioeclous hydrilla
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occurs from October through April in Florida, with maximum tuber production

occurring during the winter months when biomass is lowest (Hailer, Miller, and

Garrard 1976). Germination of dioecious tubers in Florida lakes occurs from
150 to 350 C. Germination of monoecious tubers was first observed in spring

at temperatures of 110 to 13' C in North Carolina (Harlan, Davis, and

Pesacreta 1985). Laboratory studies on dioecious tubers show that 100-percent

germination occurred between 180 and 330 C for tubers and at 250 C for turions

(Hailer, Miller, and Garrard 1976). Dioecious hydrilla plants form tubers as

daylength decreases, with maximum production during daylengths of less than

13 hr. Dioecious tuber production is inhibited during long days (Van, Hailer,

and Garrard 1978; Sutton, Littell, and Langeland 1980). Monoecious plants

form tubers during short days (Spencer and Anderson 1986), but tubers were

occasionally formed during long-day conditions (Harlan, Davis, and Pesacreta

1985). Less is known about turions. Sastroutomo (1980) suggested that the

colder water temperature may be the determining factor in turion formation.

19. Monoecious and dioecious tubers were found to respond differently in

laboratory tests. Monoecious tubers that were germinated in the laboratory

grew at a minimum temperature of 15° C, while dioecious tubers were inhibited

at this temperature (Stewart and Van 1984). At higher water temperatures (22'

and 30' C), tuber germination occurred in both biotypes. Monoecious tubers

are smaller than tubers from dioecious plants (Anderson 1984, Stewart and Van

1984). Also, monoecious tubers grown under short days (10- or 12-hr photo-

period) germinated and produced new tubers by 28 days, while dioecious tubers

that germinated and grew for 56 days did not produce new tubers (Spencer and

Anderson 1986). Monoecious hydrilla produced turions between 23° and 280 C,

while dioecious hydrilla formed turions only at 280 C (Van der Zweerde 1982).

Thus, the monoecious biotype is well adapted to live in northern latitudes

because of its ability to produce many tubers rapidly under short photoperiod

and turlons at low water temperatures.

20. Floral initiation varies between the biotypes in this country.

Pistillate flowers on the dioecious biotype can occur in the spring or autumn

(Haller 1978). Because staminate flowers are absent in Florida, no seeds are

produced. The pistillate and staminate flowers of the monoecious biotype are

formed from September through early-October (Langeland and Smith Iq84). Cook

and Luond (1982) suggested that, in tropical climates, flowering can occur

throughout the year. Prior to the introduction of the monoecious biotype,

8



sexual reproduction had not been considered a major means of propagation of

hydrilla in the United States. Hydrilla was assumed to be functionally

sterile in this country. Seed production from natural populations of monoe-

cious hydrilla has been recorded in North Carolina. These seeds were

collected and germinated in the laboratory (Langeland and Smith 1984). Pre-

sumably, all plants of the monoecious biotype from the mid-Atlantic states are

capable of producing viable seeds. Sexual reproduction may increase the

genetic variation in the monoecious biotype; however, any advantages given

these plants by this form of propagation ar. unknown.

Eurasian watermilfoil

21. Following winter, growth in the submersed species, Eurasian water-

milfoil, can occur from plants that have overwintered in a dormant evergreen

state or as viable plant fragments, root crowns, or seeds (Amundsen and

Brenkert 1978; Grace and Wetzel 1978; Aiken, Newroth, and Wile 1979). When

propagating root crowns break winter dormancy, they produce new stems and

begin spring growth. Biomass development and subsequent canopy formation are

rapid (Stocker and Kent 1984). Greater than 50 percent of the photosynthetic

production can occur within 20 cm of the water surface (Adams, Titus, and

McCracken 1974), and 75 percent of the plant biomass can be concentrated in

the top 30 cm of the water column (Titus 1977). Most leaflets underlying the

canopy senesce and drop from the plant as the canopy develops.

22. Eurasian watermilfoil has been reported to flower once (Aiken,

Newroth, and Wile 1979; Carpenter 1979) or twice (Young 1973) during the year.

Flowering occurs in North America anytime from May to November (Warrington

1983, Nichols and Shaw 1986). After a first peak biomass and flowering period J"

in summer, fragmentation occurs. This period is immediately followed by a

second flowering and peak biomass period and a subsequent fragmentation and

senescence period (Young 1973, Stanley et al. 1976).

23. Phenological variations of Eurasian watermilfoil have been observed

in geographically similar water bodies. Warrington (1983) reported that

growth and flowering differed in two ponds near Vancouver, British Columbia.

Standing vegetation occurred year-round in Centennial Park Pond, with flower-

ing from May to September and fruit production from June to August. In Queen

Elizabeth Park Pond, standing vegetatior was absent from January to March.

Flowering was from May to June, and no fruits were produced. Why these -0

phenological differences occurred in two nearby ponds is unknown. In Melton

9



Hill Reservoir, Tennessee, flowering occurred 1 month earlier at a station

located near the thermal discharge as compared with stations remote from the

thermal influence (Young 1973'.

24. Seed production and germination may be an important mechanism for the

introduction and infestation of Eurasian watermilfoil in new areas. Seeds

require cool, dark conditions to germinate (McDougall 1983). The specific

conditions needed for germination suggest seed germination would be sporadic

under natural conditions. However, seeds, fragments, and the overwintering

evergreen plant appear to be important for long-term survival of the species

(Grace and Wetzel 1978).

Alligatorweed

25. At least two biotypes of alligatorweed have been reported in this

country (Kay and Hailer 1982; Wain, Haller, and Martin 1984). Alligatorweed

can be separated into plants having narrow stems and short, rounded leaves

(NSA) and those having broad stems and narrow leaves (BSA). Both biotypes are

similar when growing in water, but distinct differences occur when the plants

are grown on land. Specifically, BSA produces significantly greater biomass

and shorter stem lengths than NSA when grown on land.

26. Alligatorweed also occurs as two morphotypes: an aquatic form

(emergent and free-floating) and a terrestrial form. The emergent aquatic

morphotype usually occurs anchored in the sediment near the shoreline. A

free-floating variety is commonly found attached to rooted plants along the

shoreline. Weldon (1960) reported that alligatorweed could grow as a free-

floating mat, though Sculthorpe (1967) suggested that the plant cannot survive

for extended periods unless rooted. Alligatorweed can also become completely

terrestrial, for example, following drawdown or if established in dredged

material (Langeland 1986). Alligatorweed produces a "tough, fleshy, root-like

rhizome" when grown out of water (Kay and Haller 1982). Stems in the

terrestrial form are smaller in diameter, more lignified, and have smaller

internodal cavities and shorter internodes than the aquatic stems. Although

the terrestrial form exists, alligatorweed grows primarily as a rooted, emer-

gent, or floating plant with most foliage growing out of the water.
27. Few studies have described the entire growth cycle of alligatorweed.

Alligatorweed characteristically undergoes winter dieback to root crowns, or

its stems fragment and become loosely attached to the shoreline (Penfound

1940; Penfound, Hall, and Hess 1945). The plant produces few shoots

10



throughout the winter. In spring, shoot elongation originates from under-

ground stems. Growth and flowering in the spring may be controlled by water

and air temperature (Penfound, Hall, and Hess 1945). By early summer, large

floating mats are formed (Coulson 1977). By autumn, shoots reach maximum

height, and the plant spreads horizontally from the shoreline into the open

water. Fragmentation of the stems during senescence in late-autumn or winter

usually allows only root crowns and stem fragments to survive.

28. Alligatorweed forms only pistillate flowers in this country (Penfound

1940). The plant is dispersed primarily by the dislodgement of plant mats and

their reestablishment in other areas of a water body. If a plant group

detaches from the mat, it will continue to grow as a floating aquatic until it

anchors again in the sediment or along the shoreline (Weldon 1960).

Carbohydrate Partitioning

29. Carbohydrate partitioning describes how photosynthetically produced

sugars are distributed in various tissues of a plant. Knowledge of how car-

bohydrates partition in plant tissues (during different phenological events)

can help identify sink and source energy reserves. Carbohydrates, which are

produced by the photosynthetic process, are the principal organic materials

stored in plants (Smith 1975). Therefore, their concentrations are important

as an energy source for growth, development, and maintenance of plants. Car-

bohydrates can be divided into two major groups: total structural carbo-

hydrates (TSC) and total nonstructural carbohydrates (TNC). The TSC include

permanent structural substances such as cellulose, hemicellulose, and other

complex polymers. Structural carbohydrates provide for the physical structure

of the plant and usually remain where they are synthesized. In contrast, TNC

can be converted to simple sugars and cycled in physiological processes.

30. The TNC can be separated into two fractions: soluble sugars (mono-

saccharides and disaccharides, e.g., glucose, fructose, maltose, and sucrose)

and reserves (polysaccharides, e.g., starch and fructosan). Soluble sugars

are readily available for metabolism, and their amounts vary in plant tissues. P'..

The reserve carbohydrate components of plants are stored in various organs

(e.g., stem bases, tubers, turions, rhizomes, and roots) and later metabolized

during respiration and growth. The rate of carbohydrate synthesis (photo-

synthesis) must exceed the rate of utilization (respiration and growth) for a

. . . .. .. .. .. . . . . . . . ..



plant to accumulate reserve carbohydrates. These reserves are essential if

the plant is to survive over winter. Moreover, they are the primary source of

energy during periods of growth in early spring (Smith 1975).

31. Light and temperature are two important environmental factors that

influence carbohydrate remobilization and subsequent partitioning. Germina-

tion of terrestrial grasses in spring, production of overwintering propagules,

and storage of carbohydrates in autumn can be linked to measurable changes in

the environment, most noticeably, temperature and daylength (Hanson and Juska

1969). These investigators reported that maxilium storage of carbohydrates in

grasses occurs in autumn at the temperature near the minimum required for

shoot growth.

32. Limited information exists regarding the relationship between car-

bohydrate reserves and growth in aquatic plants. Several studies have shown

that TNC and starch reserves of rhizomes decrease during the spring growth

period in emergent aquatic plants (Linde, Janisch, and Smith 1976; Graneli,

Sytsma, and Weisner 1983; Gallagher, Wolf, and Pfeiffer 1984). Harvesting

giant cutgrass in autumn caused reduced carbohydrate levels and decreased

plant growth in the following summer (Birch and Cooley 1983). Linde, Janisch,

and Smith (1976) were able to recognize the minimum TNC level in cattails

based on the phenological expression of the plant. Seasonal trends of starch

in the submersed species, coontail (Ceratophyliuw demerswm), elodea (EZodea

ccznadensi), and egeria (Egeria densa), were higher in winter, with a deple-

tion in spring and an accumulation in autumn (Best 1977; Getsinger 1982; Elly,

Best, and Visser 1983).

33. Presented below is a summary of the available information on carbo-

hydrate partitioning in waterhyacinth, hydrilla, Eurasian watermilfoil, and

alligatorweed.

Waterhyacinth

34. Little information is available on carbohydrate partitioning in

waterhyacinth. Most studies analyzed whole plant carbohydrates to determine

the potential of the plant as a source of methane gas production or animal

feed (Baldwin, Hentges, and Bagnall 1974; Boyd 1974; Wolverton and McDonald

1975, 1976; Bagnall 1980; Reddy 1983; and others). Tucker (1980) showed that

lowest TNC concentrations in waterhyacinth occurred in February (during the

period of minimal plant growth), and peak values were observed in May and

12
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July. Tucker and DeBusk (1981) found that crude protein decreased while fiber

and TNC increased, as waterhyacinth productivity increased in warm weather.

35. Penfound and Earle (1948) examined the density of starch grains and
0

found that waterhyacinth possessed abundant starch with the greatest amount in A

the rhizomes, intermediate amounts in the stolons, peduncles, and leaves, and

the least amount in the roots. Rhizomes are the main organ of starch storage

in waterhyacinth, and starch concentration diminishes with distance from them.

Hydrilla

36. Few investigators have studied the temporal and structural distribu-

tion of carbohydrates within hydrilla. Guha (1965) studied diel cycling of

carbohydrates in stems and leaves of hydrilla and found increased carbohydrate
0

levels during the day and decreased levels by night. Partitioning of car-

bohydrates to the stem region appeared to occur during the day. Seasonal

cycles of carbohydrates in hydrilla were not examined. Haller (1974) showed

that the lower stems and leaves of hydrilla, collected in September and Janu-

ary, contained three times more starch and sucrose than the stems and leaves

located on upper portions of the plant.

37. Miller, Garrard, and Haller (1976) investigated the organic composi-

tion of hydrilla tubers. Based on dry weight, tuber composition was 46.8 per-
0cent starch, 4.47 percent sucrose, 4.0 percent lipids, 5.3 percent crude IV

protein, and 0.39 percent reducing sugars. Structural carbohydrates probably

accounted for a majority of the remaining dry weight.

Eurasian watermilfoil

38. Seasonal TNC data for Eurasian watermilfoil have been obtained by

several researchers. Titus (1977) found that TNC concentrations in the roots

and shoots from Lake Mendota, Wisconsin, were greatest in autumn and under ice

cover in winter. During June 1974 and May 1975, minimal amounts of TNC were

found in roots and shoots from Lakes Wingra and Mendota (Titus and Adams

1979), while complex carbohydrates were stored by the plant during the fall

and winter. Stored complex carbohydrates were then converted during the

summer to simple carbohydrates and used for growth. These authors found

differences in plant carbohydrates collected at two sites within Lake Wingra

and suggest, based on their findings, that multiple sampling sites are

necessary to adequately understand the carbohydrate dynamics of this plant in I
a water body. The decrease of TNC in early winter may be due to loss of

13



carbohydrates in reproductive fragments with the onset of winter (Titus 1977).

These fragments were not recovered for carbohydrate analyses.

39. Kimbel and Carpenter (1981) tested the hypothesis that harvesting

disrupted the seasonal pattern of TNC storage in Eurasian watermilfoil. For

example, an autumn harvest may have disrupted carbohydrate partitioning from

shoots to roots, thereby diminishing the following year's growth. Eleven

months posttreatment, TNC concentrations were significantly lower in a har-

vested plot than in a controliplot. Kimbel (1982) has shown that vegetative

fragments increased in TNC content prior to winter.

Alligatorweed

40. Weldon and Blackburn (1968) studied the seasonal trends of TNC in

alligatorweed for 1 year at two sites. A minimal concentration of TNC was

observed in April and July, in Savannah, Ga., and Jacksonville, Fla., respec-

tively. Highest TNC values at the Savannah site were observed from October

through the completion of the study in December. The greatest TNC observed at

the Jacksonville site occurred in September. Underground stems of alligator-

weed were treated with the herbicides Silvex and 2,4-D in March, May, July,

September, and November. Greatest efficacy and depletion of TNC were achieved

with the herbicide treatments that coincided with the low ebb of carbohydrates

found in April at Savannah and in July at Jacksonville. The authors concluded

that herbicide applications on alligatorweed prevented replenishment of

carbohydrate reserves and resulted in more effective control.

Discussion

41. Perennial aquatic plants rely on stored carbohydrate reserves for

survival through winter and for initiation of spring growth. These reserves,

primarily nonstructural carbohydrates, are stored in specialized structures

such as stem bases, root crowns, roots, rhizomes, tubers, and turions. In

addition to winter survival and early growth, carbohydrate reserves allow a

plant to recover from periods of stress, e.g., temperature extremes, nutrient

depletion, disease, grazing, and control tactics (Mooney 1972). Certain

periods in which carbohydrate reserves are minimal represent weak points rela-

tive to control techniques in the life cycle of the plant. Theoretically,

implementing control tactics at these weak periods would optimize control

efficacy.
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42. Probable weak points in the life cycle include: (a) the initial

spring growth phase; (b) the onset of flowering, or sexual reproduction, and

(c) the onset of winter quiescence and dormancy. During the initial spring

growth phase, carbohydrate reserves are depleted for growth and development.

This depletion process continues until the young plant can produce carbo-

hydrates through photosynthesis. When photosynthesis exceeds usage, carbo-

hydrate storage will commence. At the onset of flowering, carbohydrates

normally used for vegetative growth or storage reserves are redirected toward

development of sexual reproductive structures. As a result, vegetative growth

slows. During fall, plants shunt carbohydrates to storage structures in prep-

aration for winter quiescence or dormancy. These carbohydrate reserves are

necessary for winter survival and initiation of spring growth.

43. Several studies have described seasonal changes in the energy

reserves of aquatic plants and related these changes to developmental cycles

(Elly, Best and Visser 1983; Gallagher, Wolf, and Pfeiffer 1984; Steinmann and

Brandle 1984; Best and Dassen 1987). However, few have considered application

of this type of information to improve the control of aquatic weed species.

44. Kimbel and Carpenter (1981) mechanically harvested Eurasian watermil- #6

foil in July and reported that TNC concentrations were significantly lower in

the harvested plots 11 months posttreatment, compared with unharvested, refer-

ence plots. They suggested that a late-summer harvest disrupts TNC allocation

in shoots and roots, resulting in a reduction of TNC and biomass the next

season. Greatest efficacy in alligatorweed was achieved when herbicide treat-

ment coincided with minimum carbohydrate levels in rhizomes (Weldon and

Blackburn 1968). These authors concluded that timing of chemical treatment

could prevent replenishment of carbohydrate reserves and result in more

effective control of alligatorweed. Neither of these studies supplied suffi-

cient information to draw a reliable conclusion on the relationship between %

carbohydrates and phenology as related to control.

45. Linde, Janisch, and Smith (1976) developed a relationship between TNC

levels and phenological events in cattails (Typha latifolia). When the

pistillate spike was "lime green" and the staminate spike was "dark green,"

carbohydrates were at their lowest concentration. These investigators sug-

gested that efficacy would be maximized if control tactics were applied during

this period of the life cycle. Birch and Cooley (1983) showed that an autumn

harvest of giant cutgrass (Zizaniopsis miZiacea), prior to carbohydrate
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translocation to rhizomes, caused a substantial decrease of regrowth the fol-

lowing year. Getsinger (1982) suggested that control of the submersed species

egeria (E. densa) could be improved if control techniques were applied during

the low point of its carbohydrate reserves.

46. The available information on phenology and carbohydrates varies con-

siderably for waterhyacinth, hydrilla, Eurasian watermilfoil, and alligator-

weed. Although phenological studies have been conducted on these four plants,

few have related carbohydrate partitioning to life cycle events. For example,

most carbohydrate studies on waterhyacinth have been aimed at determining the

seasonal trend within whole plants to evaluate the potential of methane gas

production or feed quality; therefore, carbohydrate distribution among plant

parts at different growth stages has not been evaluated (Boyd 1974, Tucker and -

DeBusk 1981, Reddy 1983, and others). To our knowledge, no information exists

relating phenology and carbohydrate partitioning in hydrilla. Titus and Adams

(1979) followed seasonal trends of TNC in roots and shooLs of Eurasian water-

milfoil. However, they did not relate carbohydrate partitioning to specific

phenological events.

47. Effects of environmental factors on phenology and carbohydrate par-

titioning have been described in the literature. Numerous studies have been

conducted to assess the influence of environmental factors, e.g., light, tem- -

perature, and nutrients, on the phenology of nuisance aquatic plants (partic-

ularly submersed species), as reviewed by Davis and Brinson (1980) and Barko,

Adams, and Clesceri (1986). Also, Westerdahl and Hall (1987) observed a dif-

ferential response of hydrilla and watermilfoil to fluridone treatments when

the plants were grown in two different substrate environments, i.e., a sand-

peat compared to a natural substrate. Few if any studies have considered the

effects of stress, as induced by environmental factors, on carbohydrate par-

titioning. Periods of stress caused by fluctuations in temperature, drought, 6

nutrient depletion, turbidity, or other parameters may disrupt carbohydrate

distribution among plant structures. Moreover, Otto and Svenson (1981) and

Otto (1983) suggested that aquatic plants may contain metabolites that would

reduce stress imposed by grazing from aquatic herbivores and thereby mitigate

the effects of grazing. Whether these metabolites are produced in response to

herbivore action or are present throughout the growth cycle ' "+ kno.'.

Also, stress may affect the timing and occurrence of specific phenological

events, e.g., flowering and tuber formation.
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Conclusions

48. Based on results from the literature survey, the effectiveness of

control techniques for aquatic plants, e.g., type, timing, and frequency, may

be improved by understanding phenology and carbohydrate relationships. Inves-

tigators working with alligatorweed and Eurasian watermilfoil suggested that

control treatments applied during the low ebb of carbohydrates caused

decreased biomass production. Hence, the timing of control techniques to

coincide with low carbohydrate concentrations within selected plart structures

should enhance efficacy of the control tactic.

49. Most carbohydrate investigations with hydrilla and waterhyacinth have S
been concerned with whole plant carbohydrate analysis. Studies on alligator-

weed and Eurasian watermilfoil have considered TNC in specific plant parts,

hut not how starch reserves are distributed. Little information exists on

carbohydrate partitioning within various sinks and sources for these four

aquatic plant species.

50. Environmental factors may influence plant phenology, carbohydrate . .

mobilization, and the effectiveness of selected control tactics, e.g., herbi-

cide efficacy. The importance of these factors with regard to the timing of

phenological events and carbohydrate partitioning within the aforementioned

target aquatic plants is not known.

51. Based on this literature survey, previous carbohydrate partitioning

and phenological studies were inadequate for each species of interest. Pre-

vious research has not addressed, specifically, how phenology and carbohydrate

partitioning relationships can be applied to improve control of these aquatic

plants.

Recommendations

52. The investigation of the following areas will improve our under-

standing of the relationship between phenology, carbohydrate partitioning, and

aquatic plant control. Consequently, recommendations for additional research

are directed toward the following areas:

a. Describe the phenology for waterhyacinth, hydrilla, Eurasian
watermilfoil, and alligatorweed in relation to carbohydrate
partitioning.
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b. Identify the weak points in the life cycle of each plant, based

on carbohydrate partitioning information.

c. Evaluate, under laboratory and field conditions, selected
control tactics, based on carbohydrate partitioning research. -

53. Once an understanding of carbohydrate partitioning relative to plant

phenology is obtained, implementation of selected control strategies should be

conducted at several geographical locations for developing guidance that will

assist operational personnel in improving their aquatic plant control program.
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