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Environmental Factors and Their Consideration in the

Management of Submersed Aquatic Vegetation:

A Review

J. W. BARKO, M. S. ADAMS AND N. L. CLESCERTI"

ABSTRACT

A variety of environmental factors interact in affecting
the productivity, distribution, and species composition of
submersed macrophyte communities. Foremost among
these are light, water temperature, sediment composition,
and inorganic carbon availability. Light and temperature
are important in determining morphology and distribution
(with latitude, season, and depth), thereby influencing pro-
ductivity and species composition as well. Sediments pro-
vide an important source of nutrients, principally N, P,
and micronutrients, which are relatively less available in
the surface waters of most aquatic systems. Sediment com-
position (i.e., texture and organic matter content) mar-
kedly affects macrophyte growth rates, due to its influence
on nutrition, but possibly due also to the inhibitory effects
of reduced chemical constituents formed under anaerobic
conditions. Due to slow CO, diffusion rates in water and
to boundary layer resistance to carbon uptake at leaf sur-
Taces, the availability of inorganic carbon can be an excep-
tionally important factor limiting the productivity of sub-
mersed macrophytes in freshwater systems. Prior to the
implementation of management procedures designed to
modify aquatic macrophyte production or community
composition, it is necessary to consider both aquatic system
use and the localized role of these important growth reg-
ulating factors.

Key words: ecology, light, temperature, nutrients, water
chemistry, sediment chemistry, inorganic carbon.

INTRODUCTION

A concerted effort has been undertaken by various
agencies within many of the industrialized countries of the
world to manage aquatic macrophytes. Most of these ef-
forts have been directed toward the control of adventive
species in situations where they grow to nuisance propor-
tions (cf. van Zon 1982). A variety of control techniques is
available, and these include: herbicide treatment, biomass
harvesting, nutrient diversion and chemical precipitation,
dredging, drawdown, bottom sealing, use of biological con-
trol agents, and physical and chemical reductions in under-
water irradiance (refer to the reviews of Dunst et al. 1974;
Cooke 1980; van Zon 1982; Nichols and Shaw 1983).
Another, yet less emphasized, aspect of aquatic plant man-
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agement is that of habitat enhancement. Aquatic mac-
rophytes play a key role in maintaining fish productivity,
both by stimulating invertebrate production and by provid-
ing habitat diversity (Pennak 1971; Wiley et al. 1984). Cog-
nizance of the overall ecological importance of submersed
macrophytes in aquatic systems (cf. Wetzel and Hough
1973; Wetzel 1979; Carpenter 1981) has underscored
major concern for the recent widespread demise of vegeta-
tion in the Chesapeake Bay, one of the world’s largest es-
tuaries (Orth and Moore 1983; Kemp et al. 1983). Similar
declines in submersed aquatic vegetation have been re-
ported worldwide (cf. Sculthorpe 1967; Carpenter 1980a),
but as in the Chesapeake have not been adequately
explained.

Our present inability to effectively anticipate changes
in the productivity and distribution of submersed mac-
rophytes, due either to natural causes or to human ac-
tivities, directed (e.g., weed control) or otherwise, makes

it difficult to redirect undesirable trends. This problem
has been largely a consequence of our inadequate under-
standing of the role of environment in affecting submersed
aquatic vegetation. Recently, however, a great deal of in-
formation related to the physiology and ecology of sub-
mersed macrophytes has been generated. Our purpose in
this article is to synthesize important aspects of this infor-
mation for consideration in the management of submersed
macrophytes in lakes and in streams.

Views expressed herein are those of the authors, but
were developed in part during the conduct of an interna-
tional workshop, convened recently in Lake George, New
York (refer to Acknowledgements for list of participants).
This article is intended to disseminate findings and recom-
mendations of that workshop, and is dedicated in memory
of the late D. H. N. Spence (St. Andrews, Scotland), a par-
ticipant in the workshop and a major contributor to the
discipline of aquatic plant ecology.

Only abiotic environmental factors: light, temperature,
nutrients, inorganic carbon, and sediment composition af-
fecting submersed aquatic vegetation are considered here.
The important influence under some circumstances of bio-
tic factors (grazers, pathogens etc.; see Nichols and Shaw
1983) on submersed macrophytes is not denied, but at
present there is too little information available for in-
tended synthesis.

LIGHT

The importance of light availability in relation to the
productivity and distribution of aquatic macrophytes (re-
viewed by Westlake 1981) was emphasized by a majority of
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participants at the workshop. Westlake (1971) suggested
that light is limiting in dense stands of aquatic plants even
at midday in many situations, and can be particularly limit-
ing with increasing depth and turbidity. Westlake (op. cit.)
further stressed that need for space during plant growth
is related to need for light, and that given space, many
aquatic plants can develop an efficient arrangement of
leaves for optimal light capture.

From an extensive survey of Scottish lochs, Spence
(1967) proposed that the zonation of a variety of mac-
rophyte species along a depth gradient was determined
primarily by light regime. In related investigations, Spence
and Chrystal (1970a, b) demonstrated greater photo-
synthetic capacity in- deep-water compared to shallow-
water pondweed (Potamogeton) species, and suggested that
shade tolerance was directly linked with the natural depth
distribution of these species. Ikusima (1965, 1966) incu-
bated submersed macrophytes at depths of natural occurr-
ence, and demonstrated large differences in photosynthe-
tic rate at different light levels (depths). Adams etal. (1974)
clearly demonstrated light limitation of photosynthesis
within the canopy of Eurasian watermilfoil (Myriophyllum
spicatum 1..) growing in a dense stand in Lake Wingra.
Further evidence for the importance of light as a rate-limit-
ing factor, based on profile measurements of photosyn-
thesis in the canopy of this species, is provided in Titus et
al. (1975).

Robel (1961) demonstrated that increased turbidity re-
sulted in decreased macrophyte biomass. Similarly, Peltier
and Welch (1970) showed that, while the growth of rooted
submersed macrophytes in an Alabama reservoir was unre-
lated to ambient nutrient concentrations, two years of se-
vere infestation were directly correlated with the increased
availability of light. Spence (1976) indicated that the depth
of macrophyte colonization, related to the availability of
light, was controlled to a great extent by phytoplankton

density. Increased phytoplankton density resulting from
nutrient enrichment can be an important factor in the de-
cline of macrophyte populations (Jupp and Spence 1977).
The near-collapse of the Eurasian watermilfoil community
of Lake Wingra, Wisconsin during the 1970’s presents an
example of a macrophyte decline associated with plankton-
ically-generated turbidity (Jones, et al. 1983), possibly rein-
forced also by a pathogen (John Andrews, personal com-
munication). In other cases submersed macrophyte popu-
lations have been shown to decline due to light limitations
caused by epiphytes and filamentous algal growth on leaf
surfaces (Sand-Jensen 1977; Phillips et al. 1978; Sand-Jen-
sen and Sgndergaard 1981).

Light plays an important role in seasonal changes in
macrophyte dominance and in interspecific competition.
Westlake (1981) provides evidence that great reductions in
irradiance may result in changes in species composition. In
Furope, the total irradiance for a given month may vary
by 50% from year to year, and among years can vary by
30%. In the well-studied chalk streams of southern Britain,
tree-shaded reaches may be dominated by Berula erecia
(Hudson) Colville or water starwort (Callitriche) species,
while water buttercup (Ranunculus) species are excluded;
in dense shade (light reduced 85%) aquatic mosses domi-
nate (Westlake op. cit.). McCreary et al. (1983) provide
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evidence that the slender spikerush (Eleocharis acicularis
(L.) R&S) and the common rush (Juncus pelocarpus submer-
sus L.) coexist in spite of differing light adaptations. How-
ever, greater shade tolerance in slender spikerush accounts
for its wider distribution in Wisconsin, including lakes
more turbid than those that support both species (Swindale
and Curtis, 1957).

Westlake (1981) stresses that some plants can adapt
within  weeks to  lowered light by reducing non-
photosynthetic tissue and adjusting respiration rates.
Another way in which submersed macrophytes can adapt
to low irradiance is through adjustments in photosynthetic
pigment composition. Total chlorophyll content of leaves
generally increases with decreasing irradiance, (Bowes et
al. 1977; McMillan and Phillips 1979; Wigington and
McMillan 1979; Barko and Filbin 1983). Within individual
plants, total chlorophyll content can vary significantly in
response to irradiance, with the greatest chlorophyll con-
centration at the basal (darkest) portion of the plant
(Ikusima 1965, 1966).

Morphological adaptations that optimize the capture
of light are important in determining species success in
low-light environments. Both whole-plant morphology
(Spence and Dale 1978; Barko and Smart 1981a; Barko et
al. 1982) and specific leaf morphology (Pearsall and Hanby
1925; Spence et al. 1973; Barko et al. 1982) in submersed
macrophytes are responsive to light regime. In general,
these plants tend to produce fewer but longer shoots, and
longer leaves with a greater surface area under reduced
irradiance conditions. Submersed macrophytes capable of
elongating to the water surface and forming a foliar
canopy, such as Eurasian watermilfoil and hydrilla (Hyd-
rilla verticillata (L.F.) Royle), may grow to greater depths
and have a competitive advantage in turbid situations over
species possessing a prostrate growth form (Haller and
Sutton 1975; Titus and Adams 1979; Barko and Smart
1981a). Past periods of dominance by Eurasian watermil-
foil in the upper Chesapeake Bay (Bayley et al. 1978) may
partially reflect the exceptional ability of this species to
form a surface canopy under conditions of limited water
transparency (Adams et al. 1974). Differences in the spe-
cific leaf area of certain pondweed species have been
shown to be important in influencing their maximum
depth of occurrence (Spence and Chrystal 1970b).

In general, but dependent upon the amounts and com-
position of dissolved materials and suspended particulate
materials in water, the penetration of different light
spectra in aquatic systems varies with wavelength (Ruttner
1963). Selective attenuation of far red (FR, =700 nm) light
increases the red (R, 660 nm) to FR ratio steeply with in-
creasing depth. It has been suggested that variations in
some aspects of submersed macrophyte morphology, such
as leaf form (Bodkin et al. 1980) and shoot internode spac-
ing (Spence 1976; Spence and Dale 1978), are mediated by
the pigment phytochrome and affected by the ratio of R
to FR light. Moreover, diurnal underwater variations in
R:FR, as perceived by phytochrome, may be a mechanism
whereby submersed macrophytes detect the length of
photoperiod (Chambers and Spence 1984). Chambers
(1982) demonstrated that long-day induction of winter bud
production in curly leaf pondweed (Potamogeton crispus L.)
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is under phytochrome control. Tuber formation in hyd-
rilla, induced under short-day conditions (Haller et al.
1976; Van et al. 1978; Bowes et al. 1979; Klaine and Ward
1984), is also mediated by phytochrome (Klaine and Ward
op cit.). Thus the quality as well as the quantity of light in
aquatic systems has an important influence on the growth
and development of submersed macrophytes.

TEMPERATURE

Seasonal changes in photoperiod and incident solar
radiation promote corresponding changes in water tem-
perature in most aquatic systems. Thus the influence of
light on submersed macrophytes cannot be properly
evaluated without also considering the influence of tem-
perature. In controlled laboratory experiments, water tem-
perature has been shown to interact with light in affecting
submersed macrophyte growth and morphology (Barko
and Smart 1981a; Barko et al. 1982), photosynthesis
(Barko and Smart 1981a), chlorophyll composition (Barko
and Filbin 1983), and reproduction (Sastroutomo 1980,
1981; Chambers 1982). Higher temperatures within
ranges of thermal tolerance generally promote greater
chlorophyll concentration and productivity, with concomit-
ant increases in both shoot length and shoot number; in-
creasing temperature and increasing light appear to elicit
opposing responses in shoot length.

In thermally stratified systems, decreasing water tem-
perature with depth may promote depth-related reduc-
tions in the seasonal growth of macrophytes. For example,
it has been reported that the dynamics of thermal stratifi-
cation in a dimictic north-temperate lake limit the growing
season of purple bladderwort (Utricularia purpurea Walt) to
8 weeks at a depth of 6 m compared to 17 weeks at a depth
of 2 m (Moeller 1980). By reducing the length of the grow-
ing season, low temperatures can diminish the capacity of
submersed macrophytes to colonize depths consistent with
their maximum photosynthetic potential.

The thermal optimum for many submersed freshwater
macrophytes appears to be rather high, in the range of 28
to 32 C (Barko and Smart 1981a; Barko et al. 1982; how-
ever cf. Tobiessen and Snow 1985). Consequently, adapta-
bility of submersed macrophytes to lower temperature re-
gimes may confer a competitive advantage in northern
localities. For example, the lack of dormancy in elodea
(Elodea canadensis Rich. in Michx.) in combination with its
high overwintering standing crop under ice free conditions
apparently contributed to the success of this species in
Lake Wabamun, Alberta, during a period of temperature
elevation (Haag and Gorham 1977). Changes in the species
composition of submersed freshwater macrophyte com-
munities due to thermal alterations (Anderson 1969; Allen
and Gorham 1973) suggest that temperature may be as
important as light in influencing competitive relations
among coexisting species.

NUTRITION

In view of the large volume of information available
related to the nutrition in nature of submersed mac-
rophytes, it is significant that there have been few substan-
tiated reports of nutrient-related growth limitation. Nu-
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trients supplied from sediments in combination with those
in solution have been considered adequate to meet mac-
rophyte nutritional demands even in oligotrophic systems
(Patterson and Brown 1979). An additional advantage in
such nutrient- poor systems on the part of some species
(e.g., Littorella spp. and Lobelia spp.) is their ability to con-
serve seasonally both biomass and nutrients (Moeller
1978a, Sand-Jensen and Sgndergaard 1979). However,
macrophyte production under these conditions is often
lim- ’

ited.

It is now generally accepted that rooted macrophytes
can fulfill their P requirements by direct uptake from sed-
iments (Bristow and Whitcombe 1971; DeMarte and
Hartman 1974; Best and Mantai 1978; Bole and Allan
1978; Carignan and Kalff 1979, 1980; Welsh and Denny
1979; Barko and Smart 1980, 1981b; Huebert and
Gorham 1983). Recent studies have likewise demonstrated
significant mobilization of N from sediments (Toetz 1974;
Nichols and Keeney 1976a, b; Best and Mantai 1978;
Barko and Smart 1981b; Barko 1982; Huebert and
Gorham 1983). The role of sediment as a direct source of
P and N for submersed macrophytes is ecologically quite
significant, since these elements are normally very low in
concentration in available forms in the open water of aqua-
tic systems.

The availability to submersed macrophytes of micro-
nutrients in the open water of most aquatic systems is usu-
ally very low due to removal from solution by microor-
ganisms and by precipitation and complexation (Wetzel
1983). In contrast, micronutrients are relatively abundant
in available (i.e., chemically reduced) forms within most
sediments. Submersed macrophytes can satisfy their re-
quirements for micronutrients in addition to P and N by
direct uptake from sediments (Huebert and Gorham 1983;
Smart and Barko 1985).

Although some sediments may provide sufficient potas-
sium (K) via root uptake for moderate growth of sub-
mersed macrophytes, experimental additions of K to solu-
tions lacking in this element have been demonstrated to
stimulate macrophyte growth on a variety of sediments
(Barko 1982). Since ammonium and potassium ions have
the same charge and nearly identical ionic radii, they may
compete for cation exchange sites in sediments and on root
surfaces. In this connection, the more effective uptake of
N (as ammonium) than K from sediments (Barko and
Smart 1981b; Barko 1982) suggests some degree of ion
selectivity associated with nutrient uptake systems operat-
ing in roots. The open water rather than sediment appears
to be the primary source of K supply to submersed mac-
rophytes in most aquatic systems.

Calcium (Ca) can be mobilized from sediments by sub-
mersed macrophytes (DeMarte and Hartman 1974). How-
ever, in the investigation of Huebert and Gorham (1983)
sago pondweed (Potamogeton pectinatus L.) failed to grow in
the absence of Ca in solution, and in Barko (1983) the
growth of Eurasian watermilfoil was markedly reduced in
solutions low in Ca. For many species, Ca may be required
in the open water due to its apparent involvement in bi-
carbonate utilization during photosynthesis (Lowenhaupt
1956; Lucas and Dainty 1977). Reduced growth of sago



pondweed in Mg-free solutions (Huebert and Gorham
1983) suggests that Mg may also be required in the open
water by some submersed macrophyte species.

Both shoot and root uptake of SO, Na, and Cl have
been demonstrated for submersed macrophytes (cf. Smart
and Barko 1985). Considering the normal abundance and
conservative nature of these elements (S, Na, and Cl) in
the open water of many aquatic systems, it is unlikely that
low concentrations directly limit the growth of submersed
macrophytes. High concentrations of these and other ele-
ments, however, in saline environments can directly limit
the growth and distribution of submersed macrophytes,
dependent upon specific differences in salinity tolerance
(Haller et al. 1974; Howard-Williams and Liptrot 1980).

It is clear that submersed macrophytes make use of
both aqueous and sedimentary nutrient sources, and that
sites (roots vs. shoots) of uptake are related at least in part
to nutrient-specific differences in sediment vs. overlying
water nutrient availability (Denny 1980). Nutrient trans-
port in these plants is clearly multidirectional, but specific
biochemical mechanisms involved in transport, particularly
at the membrane level, are essentially unknown. A variety
of biochemically complex nutrient uptake systems have
been postulated for terrestrial plants (reviewed by Hewitt
and Smith 1975). Several of these systems rely metaboli-
cally on the establishment of redox gradients, which in
rooted macrophytes may be facilitated, with perhaps lesser
energy expenditure, by the contrasting redox environ-
ments of roots (reducing conditions) and shoots (oxidizing
conditions). This contrast represents a fundamental dis-
tinction between the environments of terrestrial and aqua-
tic plants, and should be considered in any biochemical
studies of submersed macrophyte nutrition.

Losses of nutrients from submersed macrophytes can
occur through excretion, senescence (leaching), and micro-
bial decomposition (decay). Substantial losses of P to the
water due to excretion have been reported for the seagrass,
Zostera marina L., (McRoy et al. 1972). However, consider-
able experimental evidence obtained since then, based on
studies involving freshwater macrophytes, has indicated
only minor losses of P due to physiological excretion from
healthy plants (Peverly and Brittain 1978; Welsh and
Denny 1979; Barko and Smart 1980, 1981b; Gabrielson et
al. 1984). Nutrient losses from macrophytes appear to be
predominantly connected with senescence and decay (Car-
penter 1980b), and can be quite large, particularly in eu-
trophic systems due to excessive biomass turnover
(Westlake 1982; Wetzel 1983). Fundamental variations in
the abilities of different submersed macrophyte species to
retain nutrients (i.e., different degrees of “evergreenness”)
may bear on floristic differences between oligotrophic and
eutrophic aquatic systems.

Given that submersed macrophytes are capable of
“mining” some sediment nutrients (primarily N, P, and
micronutrients) and that nutrient losses from macrophyte
beds to either outflow or profundal sedimentation do
occur, then it is important to better understand the extent
to which, and by what mechanisms, these losses are ba-
lanced. In addition to nutrient replacement by inputs from
the watershed, nutrients are potentially redistributed
within sediments by simple chemical diffusion, mass flow,
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and by the burrowing activities of benthic invertebrates.
Moreover, the microbial community of sediments, particu-
larly in the root zone, is likely to play an important role in
nutrient replenishment (cf. seagrass literature, e.g.,
Capone 1982; Smith and Hayasaka 1982, a, b; Craven and
Hayasaka 1982; Smith et al. 1984). There is some evidence
that N fixation by bacteria can occur in the rhizosphere of
watermilfoil (Myriophyllum heterophyllum Michx.) (Blotnick
et al. 1980). Importantly, vesicular-arbuscular mycor-
rhizae, which effectively facilitate increased efficiency of
nutrient uptake by roots, have been identified in associa-
tion with several macrophyte species growing in sandy
oligotrophic systems (Sgndergaard and Laegaard 1977),
and more recently with a wider variety of species growing
in lakes of varied trophic status (Clayton and Bagyaraj
1984).

SEDIMENT COMPOSITION

Recent concern for sediment as a source of nutrients
for submersed macrophytes has been encouraged to some
degree by earlier experimental accounts and observations
of sediment-related variations in macrophyte growth and
distribution (Pond 1905; Pearsall 1920; Misra 1938; Moyle
1945). However, given that these variations in some cases
do involve nutrition, such has not yet been adequately de-
monstrated. It has been suggested that the influence of
sediments on the growth of submersed macrophytes may
be due to physical properties (Sculthorpe 1967). Texture,
for example, can be important in relation to the rooting
depth of species with different abilities to physically pene-
trate sediments (Denny 1980), and may influence rooting
success in particular conditions of water flow (Haslam
1978). Extremely sandy or otherwise coarse-textured sedi-
ments can be considered as nutritionally poor substrata for
macrophyte growth. Low level accumulations of organic
matter in such sediments can apparently stimulate growth
due presumably to improved ionic exchange properties
and increased sediment nutrient content (Sand-Jensen and
Sgndergaard 1979; Kigrboe 1980).

Among numerous properties of sediments potentially
affecting the growth of aquatic macrophytes, inorganic
constituents formed under anaerobic conditions have re-
ceived greatest attention. High concentrations of soluble
reduced iron and manganese in sediments are normally
considered toxic to plants (Ponnamperuma 1972; Sander-
son and Armstrong 1980). High soluble iron concentra-
tions can inhibit the growth of vegetation by interfering
with sulfur metabolism or by limiting the availability of
phosphorus (Jones 1975). Soluble sulfides including S-,
HS-, and H,S are also considered highly toxic to plants
(Sanderson and Armstrong 1980). High concentrations of
soluble sulfides in sediments require a sustained sulfur
source, inputs of organic matter providing reducing poten-
tial, and low concentrations of precipitants and/or oxidants
(Ponnamperuma 1972). These conditions are frequently
encountered in anaerobic sediments of eutrophic lakes
(Mortimer 1971; Wetzel 1983). However, some degree of
protection from sulfides and other potential toxins on the
part of submersed macrophytes may be provided by oxy-
gen release from roots (Tessenow and Baines 1978; Car-
penter et al. 1983; Penhale and Wetzel 1983).
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Sediments containing excessive organic matter often
contain high concentrations of organic acids, which can be
toxic to vegetation (Ponnamperuma 1972). Other impor-
tant organic constituents of anaerobic sediments poten-
tially affecting macrophyte growth include methane,
ethylene, phenois, and alcohols (Yoshida 1975; Drew and
Lynch 1980). Organic compounds in both sediment and
water have been demonstrated to reduce the growth of
submersed aquatic vegetation in the laboratory (Dooris and
Martin 1981; Barko and Smart 1983) and in the field
(Kullberg 1974; Ozimek 1978). Allelopathic substances,
presumably organic in nature, produced in the rhizos-
phere of dwarf spikerush (Elodea coloradoensis (Britt.) Gilly)
have been shown to differentially inhibit growth and re-
production in a variety of submersed macrophytes (Frank
and Dechoretz 1980; Yeo and Thurston 1984). In addition
to possible direct inhibitory effects of organic compounds,
high concentrations of sediment organic matter appear to
decrease the growth rate of submersed macrophytes indi-
rectly by decreasing mineral nutrient densities (Barko and
Smart submitted). It has been suggested that increasing
concentrations of organic matter in sediments may contrib-
ute to the general decline of submersed macrophytes
(Barko and Smart 1983).

Submersed macrophytes are capable of effecting pro-
nounced changes in sediment composition. For example,
reductions in extractable sediment phosphorus in the root
zone of Eurasian watermilfoil in Lake Wingra have been
described (Prentki 1979). Barko and Smart (1980) re-
ported a turnover greater than 1000 times the interstitial
water PO,-P concentration due to root uptake from some
sediments by both Eurasian watermilfoil and Brazilian
elodea (Egeria densa Planch.) during a three month period
of laboratory experimentation. Quillwort (Isoetes lacustris
L.), a more robustly rooted species than the former, has
been shown to alter profiles of dissolved iron and man-
ganese in sediment (Tessenow and Baines 1978). Sub-
mersed macrophyte beds tend to accelerate sedimentation
rates in lacustrine systems (Sculthorpe 1967; Gregg and
Rose 1982; Carpenter 1983), which while possibly provid-
ing nutritional benefits in oligotrophic systems (Patterson
and Brown 1979), can lead to changes in macrophyte com-
munity composition, and ultimately to lake aging due to
sediment accumulation in eutrophic systems (Wetzel 1979;
Carpenter 1981).

INORGANIC CARBON

Only in recent years has adequate attention been di-
rected toward the importance of inorganic carbon as a nut-
rient limiting photosynthesis and growth of submersed
macrophytes. The photosynthetic potential of a variety of
submersed freshwater macrophytes appears to far exceed
photosynthesis determined at ambient levels of available
carbon in water (Browse et al. 1979; Beer and Wetzel
1981). This suggests that submersed macrophytes in many
freshwater environments may be limited by inorganic car-
bon supply (Wetzel and Grace 1983). Adams et al. (1978)
and Titus and Stone (1982) have demonstrated inorganic
carbon limitation of photosynthesis in Eurasian watermil-
foil and water celery (Vallisneria americana Michx.).
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Whereas, the above articles describe photosynthesis (not
growth) in relation to dissolved inorganic carbon, the re-
cent work of Smart and Barko (submitted) couples in-
creased growth with photosynthesis in Eurasian watermil-
foil, under conditions of experimentally increased inor-
ganic carbon supply.

Boundary layer resistance to CO, transport is known
to be an important factor limiting photosynthesis in terrest-
rial plants, and is even more critical in submersed mac-
rophytes since the diffusion of CO, in water is much slower
than in air (Smith and Walker 1980). Rates of photosyn-
thesis in submersed macrophytes have been shown experi-
mentally to increase with moderate increase in water flow
(Westlake 1967; Madsen and Sgndergaard 1983). Flow vel-
ocity is one of the most important factors affecting sub-

mersed macrophytes in streams. Conditions of acute inor-
ganic carbon depletion associated with photosynthesis in
dense macrophyte beds (Van et al. 1976; Bowes et al. 1979)
are probably less common in free-flowing or well mixed
aquatic systems. In streams and rivers, the evolution of
leaf shape, which may decrease resistance to physical dis-
turbance, can also reduce boundary layer resistance.

Free carbon dioxide (COy) is generally considered to
be the carbon form preferred in photosynthesis by sub-
mersed freshwater macrophytes (Steeman-Nielsen 1947;
Van et al. 1976). However, in the majority of freshwater
systems the largest fraction of inorganic carbon exists in
the form of bicarbonate (HCOs) ions (Hutchinson 1975;
Wetzel 1983). Although the exact mechanism of bicarbo-
nate utilization is not thoroughly understood at this time,
the ecophysiological significance and taxonomic extent of
bicarbonate use in photosynthesis by submersed mac-
rophytes is well documented (Steeman-Nielson 1947; Rutt-
ner 1947; Sculthorpe 1967; Hutchinson 1975; Kadono
1980; Gessner 1959; Spence 1972; Moeller 1978b; Sand-
Jensen and Gordon 1984).

The subject of bicarbonate use is discussed extensively
in the Proceedings of the International Workshop on
Bicarbonate Ultilization by Photosynthetic Organisms
(Berry and Williams (Eds.) 1985). Different submersed
freshwater macrophyte species vary in their abilities to uti-
lize HCOj in photosynthesis (Raven 1970; Kadono 1980;
Allen and Spence 1981). This ability is likely to be of adap-
tive significance, and undoubtedly influences macrophyte
species distribution (Hutchinson 1970; Hutchinson.1975;
Wiegleb 1978; Pip 1979; Hellquist 1980). Various
pondweed species are well-known bicarbonate users, and
are common in alkaline systems. In contrast, isoetids (e.g.,
Lobelia dortmanna L.) cannot effectively use bicarbonate,
and therefore occur in low alkalinity systems. Allen and
Spence (1981) and Maberly and Spence (1983) have pub-
lished extensive data detailing the apparent gradient
among macrophytes (and algae as well) with respect to
bicarbonate use.

In low alkalinity, low carbon environments the forma-
tion of four-carbon (C-4) acids during photosynthesis of
some macrophyte species (e.g., hydrilla) appears to be
adaptive, and is associated with a low level of photorespira-
tion (Bowes et al. 1978; Holaday and Bowes 1980; Salvucci
and Bowes 1981; Van, et al. 1976; Salvucci and Bowes
1983). In other species, e.g., Eurasian watermilfoil, a dif-



ferent mechanism (non C-4 acid dependent) involving car-
bonic anhydrase may be important in concentrating inor-
ganic carbon (Salvucci and Bowes, 1983). In some rosette
species (e.g., quillwort, Littorella wuniflora L., Crassula
aquatica (L.) Shonl., and Isoetes spp.), crassulacean acid
metabolism (CAM) has been demonstrated to be a pathway
important to the conservation of inorganic carbon (Hola-
day and Bowes 1980; Beer and Wetzel 1981; Keeley and
Morton 1982; Boston and Adams 1983; Richardson et al.
1984).

Inorganic carbon supply to submersed macrophytes
from sediment interstitial water in some cases may aug-
ment the supply of CO, from the overlying water. In
isoetid species inorganic carbon enters the root, from
which it is transported to leaf chloroplasts through an ex-
tensive network of continuous air spaces in the tissues
(Wium-Anderson 1971; Sand-Jensen and Sgndergaard
1978; Sgndergaard and Wetzel 1980; Richardson et al.
1984). These large air spaces (gas lacunae) are also impor-
tant in the recycling or “recapture” of carbon dioxide that
would otherwise be lost from the plant due to respiratory
or photorespiratory metabolism. The role of lacunae is
critical in many circumstances, because of the limited avail-
ability of inorganic carbon in the water column (Sgnder-
gaard and Wetzel 1980; Wetzel et al. 1984). High sediment
dissolved inorganic carbon, low shoot/root ratios, extensive
aerenchyma, and the positioning of chloroplasts near inner
surfaces of leaves all enhance the effectiveness of lacunal
transport of carbon during photosynthesis. Sediment CO,
supply via the lacunal system coupled with CAM activity
provides an effective system for maximizing photosyn-
thesis primarily by isoetids in oligotrophic systems, but may
be less important in other environments or in other sub-
mersed macrophyte species (Loczy et al. 1983).

MANAGEMENT IMPLICATIONS

It was agreed at the workshop that high temperatures
were - conducive to the excessive growth and hastened
phenological development of many species; however, ther-
mal alterations for macrophyte management purposes are
not considered economically and technologically feasible.
In contrast, manipulation of light conditions can be a use-
ful tool in the management of submersed aquatic mac-
rophytes, since the availability of light appears to be one
of the most important factors affecting macrophyte pro-
duction. In British streams, for example, manipulated
shade conditions obtained by varying the density of

- shoreline tree stands, seems to be a viable management
approach (Dawson and Kern-Hansen 1977; Dawson 1978).
The “half shade* concept (i.e. staggered shade conditions)
was suggested at the workshop by Dawson as a means of
maintaining macrophyte productivity, important to
fisheries, while enhancing potential flow conditions to re-
duce flooding. Shade fabrics have been used in lakes to
control the production-of submersed macrophytes (e.g.,
Mayer 1978; Perkins 1980), but may be less useful in flow-
ing water systems due to problems with anchorage. The
photoreversible nature of tuber formation in hydrilla by
white or red light (Van et al. 1978; Klaine and Ward 1984)
suggests that manipulated photoperiod or R:FR may be
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useful in reducing reproductive output and consequently
seasonal regrowth in this species.

Considering the general abundance of nutrients (exclu-
sive of inorganic carbon) in sediments and water com-
bined, workshop participants reached general agreement
that realistically attainable reductions in aqueous nutrients
in most aquatic systems, although ecologically desirable,
probably would not result in any significant decrease in
macrophyte production. The only suggestions made to the
contrary were related to observations that large quantities
of macrophytes are associated in certain instances with sew-
age outfalls. An increase in nutrients in the open water
under most circumstances would not be expected to in-
crease macrophyte production, and in fact might depress
macrophyte production due to shading by phytoplankton
and epiphytes.

Attempts at controlling nutrients have been directed
primarily at phosphorus, because of the widespread accep-
tance of the relationship between P loading and phytop-
lankton density (Vollenweider 1976; Schindler 1977). This
relationship, however, does not apply to rooted mac-
rophytes, because of their significant access to P in sedi-
ments. Since phytoplankton obtain their nutrients exclu-
sively from the water column, the first response to P con-
trol in the water can be expected to be a reduction in
phytoplankton, with a possibly concomitant increase in
macrophytes due to improved water clarity. In any event,
the regulation of aqueous nutrient levels in aquatic systems
is not considered a:useful management tool for controlling
rooted submersed macrophytes.

Information related to the ecology of aquatic mac-
rophytes, particularly with respect to nutrition, has ac-
cumulated to the extent that conclusions and recommen-
dations from only a few years ago are undergoing rapid
change. For example, at an earlier conference held in
Madison, WI (cf. Proceedings edited by Breck et al. 1979),
it was concluded that macrophyte harvesting would sub-
stantially reduce the phosphorus content of lakes. Partici-
pants at that conference foresaw an increased, widespread
application of harvesting technology for mitigating lake
eutrophication. Participants at the 1984 Lake George
workshop concluded differently, however, expressing the
opinion that although harvesting did improve recreational
value, nutrients in aquatic systems could not be effectively
managed through plant harvesting alone. Indeed, Car-
penter and Adams (1977) earlier demonstrated that
wholesale harvesting of the one-time extensive Eurasian
watermilfoil community of eutrophic Lake Wingra could
be expected to manipulate only a small fraction of the
lake’s metabolically active nutrient pool and remove only
about a third of the annual input of phosphorus from the
drainage basin. o

Perhaps due to earlier controversy concerning the rela-
tive importance of carbon vs. phosphorus as factors limit-
ing phytoplankton productivity (Likens 1972), carbon has
been considered as something other than a nutrient. Inor-
ganic carbon, however, is a nutrient, and in considering
the frequently high availability of other nutrients to sub-
mersed macrophytes, workshop participants agreed that
in many freshwater systems inorganic carbon potentially
limits macrophyte growth. In support of this view, Wetzel
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and Grace (1983) postulated a doubling of submersed mac-
rophyte productivity in lakes, in response to a doubling in
atmospheric CO, concentration anticipated during the
next 100 years. Workshop participants also agreed that
carbon limitation was primarily related to slow CO, diffu-
sion rates in water and to boundary layer resistance at leaf
surfaces. Accordingly, inorganic carbon may be less limit-
ing to submersed macrophytes in flowing water systems
than in most lakes, since relatively greater turbulence in
the former can be expected to increase diffusion and de-
crease boundary layer resistance.

Management of macrophytes by the manipulation of
inorganic carbon supply does not appear to be a feasible
technique for present application. Rather, it is more appro-
priate to recognize that inorganic carbon supply in aquatic
systems constitutes an intrinsic component of the regional
environment, controlled by local geology, hydrology, and
watershed use. It is most useful to consider the inorganic
carbon level of a system as providing a limit on the range
of macrophyte productivity and species composition that
can be attained.

Sediment composition is also an intrinsic component of
the regional environment, but in contrast with inorganic
carbon, is more amenable to manipulation. Various sedi-
ment covers, including sand, gravel, and plastic liners have
been used in attempts to control the production of sub-
mersed macrophytes by altering sediment texture and re-
ducing sediment nutrient uptake (Engel and Nichols
1984). Alternatively, dredging has been employed to both
remove nutrient-rich sediments (Peterson 1982; Nichols
1984) and to expose nutrient-poor underlying substrata,
e.g, sand and gravel (Engel and Nichols op. cit.). Consi-
dered collectively, these efforts have indicated some reduc-
tions in macrophyte productivity, and in nearly all cases,
dramatic shifts in the species composition of submersed
macrophyte communities. These results underscore the
important, but as yet incompletely understood, connection
between submersed macrophyte production, species com-
position, and sediment properties.

MANAGEMENT PERSPECTIVES

Prior to the implementation of management proce-
dures designed to modify aquatic macrophyte production
Or community composition, it is necessary to be fully cogni-
zant of the localized role of growth-regulating factors.
Generalizations may not apply in particular aquatic sys-
tems. Therefore, different management approaches may
be required in different places. Another important consid-
eration, which should influence the selection of manage-
ment approaches, is system use. For example, management
procedures designed to enhance flow (flooding avoidance,
etc.) may not be compatible with fisheries goals; habitat
manipulation for fish and wildlife purposes may not be in
concert with those for hydraulic purposes. Management
procedures directed toward aquatic plant eradication are
generally ill-advised, not only on ecological grounds, but
also because many aquatic systems serve multiple purposes,
with consequently severe constraints on control options (I.
M. Johnstone, personal communication). Recognition of
the positive as well as the negative contributions of aquatic
vegetation should underscore the development of rational
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management approaches implemented on a regional basis.

There are no simple universal solutions to the problems
of excessive macrophyte growth in aquatic systems; rather,
specific needs have to be addressed. Participants at the
workshop agreed that aquatic plant management in the
past has been unwisely directed almost exclusively toward
short-term solutions. Energies should be redirected toward
the attainment of long-term solutions to aquatic plant
problems, with attention given to adequate conservation of
the diverse aquatic habitats containing submersed aquatic
vegetation. Questions related to the response of fish and
other wildlife to vegetative manipulations need to be more
thoroughly addressed, with local needs considered in es-
tablishing management goals. An integrated approach to
aquatic plant problems should be implemented at every
step in the management process and in the development
of related research goals. Particularly troublesome in the
past has been the problem of public ignorance in relation
to the role and importance of aquatic macrophytes and to
the real difficulties encountered in implementing long
term solutions to aquatic macrophyte problems. To
counter this trend, appropriate information campaigns
need to be developed and implemented. The level of com-
munication among universities, government, industry, and
the general public needs to be increased.
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