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The Biological Services Program was established within the U.S. Fish and
Wildlife Service to supply scientific information and methodologies on key
environmental issues that impact fish and wildlife resources and their supporting
ecosystems.

Projects have been initiated in the following areas: coal extraction and
conversion; power plants; mineral development; water resource analysis, including
stream alterations and western water allocation; coastal ecosystems and Outer
Continental Shelf development; environmental contaminants; National Wetland
Inventory; habitat classification and evaluation; inventory and data management
systems; and information management,

The BiologicalServices Program consists of the Office of Biological Servicesin
Washington, D.C.,, which is responsible for overall planning and management;
National Teams, which provide the Program’s central scientific and technical
expertise and arrange for development of information and technology by contracting
with States, universities, consulting firms, and others; Regional Teams, which
provide local expertise and are an important link between the National Teams and
the problems at the operating level; and staff at certain Fish and Wildlife Service
research facilities, who conduct inhouse research studies.
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PREFACE

Many construction activities in or near streams and lakes cause changes
in the aquatic environment that affect submersed vascular aquatic plants.
This report was prepared to give biologists, engineers, and planners an over-
view of how submersed plants respond to changing environmental conditions
including Tight transmission, fluctuating water levels, currents and waves,
and other physical and biotic factors.

~ A companion document, FWS/0BS-80/42, is a summary of this technical
report. Inquiries concerning the availability of either report should be

directed to:

Information Transfer Specialist

U. S. Fish and Wildlife Service
Eastern Energy and Land Use Team
Route 3, Box 44

Kearneysville, West Virginia 25430



EXECUTIVE SUMMARY

Submersed vascular plants are native to many aquatic ecosystems where
they influence a number of ecosystem processes and provide food and shelter
for fish and wildlife. This report examines factors that affect the 1light
environment of submersed macrophytes and evaiuates the responses of submersed
plant communities to changing 1ight conditions. Other requirements and stres-
ses important to submersed macrophyte communities are discussed also.

The amount of Tight available for photosynthesis and growth of submersed
plants depends on the combination of the turbidity of the water and the depth
at which they grow. Turbidity due to suspended sediments may vary greatly
depending on the energy of currents and waves that keep them in suspension or
on human activities that may cr2ate new sources of particulate matter. Depo-
sition of sediments directly on :eat surfaces may reduce light available to
plants. Increases in plankton density, matting filamentous algae, and dense
epiphytic growth, all common consequences of eutrophication, can reduce the
amount of light available to submersed macrophytes. Other factors affecting
the survival and growth of aquatic macrophytes are grazing and feeding acti-
vities of fish and waterfowl, fluctuating water levels, hydrostatic pressure,
and sediment type. A1l of these factors are reviewed briefly and examples
given from pertinent studies.

Data were assembled on depth distribution records of submersed angio-
sperms and the Secchi transparencies of water for mostly North American lakes.
These were lakes in which the maximum depth of submersed macrophyte establish-
ment was limited by 1ight availability rather than shallow depth. Although
the data base lacks rigorous precision, several patterns reveal that species
respond quite differently to reduced 1ight levels with increasing depth. Lab-
oratory and field studies generally show that most shade tolerant species have
a rapid photosynthetic response to increasing light in the low range of inten-
sities. In clear shallow waters, the competitive advantage is shifted toward
species in which photosynthesis is saturated only by extremely high light in-
“tensities.

Further analysis of depth distribution patterns of species and water
transparency allowed identification of turbidity tolerant and non-tolerant
species. This was expressed as a turbidity tolerance index, which in turbid
waters (Secchi transparency < 2.5 m), is the ratio of the depth maxima of
species to the Secchi transparency depth. The index ranked ten species
according to their resistance to adverse effects of turbid systems.
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Submersed macrophyte communities may respond differently to short term
and long term perturbations. Short term changes may vary from a few weeks
to a few years and usually have no lasting detrimental effects on the aquatic
macrophytes. Long term changes associated with factors such as eutrophi-
cation result in elimination of species sensitive to light reduction and often
in the appearance of exotic species.

Based on long term studies of northern lakes, a survival index for sub-
mersed species was developed. This index and the turbidity tolerance index
were used, along with other information,. to identify five groups of species
that have varying degrees of resistance to ecosystem alteration.

Finally the possible effects of human activities on alterations in
aquatic ecosystems and an array of impacts on submersed plant communities are
considered. Since a wide range of ecosystem changes can be associated with a
single type of perturbation and since responses of submersed macrophytes to
system changes cannot be predicted with confidence, these impact evaluations
are tentative.
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'INTRODUCTION

There are many examples of waters that at one time supported luxuriant
growths of macrophytes but are now largely devoid of these plants. The causes
for the reduced abundance vary, but most are associated with increases in
water turbidity. However, the absence of submersed macrophytes does not al-
ways imply that adequate light is lacking. Submersed macrophytes generally
colonize high energy and rather unstable zones of lakes, reservoirs, rivers,
and estuaries and are subjected to a number of stresses that may exclude
them. Some of these stresses are discussed to put in proper perspective the
importance of light availability. However, the main subject area of this re-
view is the effects that reduced light availability and increased turbidity
have on submersed plants in inland waters.

The probable effects that increased water turbidity might have on sub-
mersed angiosperms will be evaluated. A number of human activities such as
dredging, waste disposal, boat traffic, road construction, land use, etc. may
add suspended solids to lakes and rivers at levels above background. How-
ever, background or "natural" turbidity can vary greatly in rivers depending
on current velocity following heavy rains or snow melt and in lakes depending
on mixing by wind, bank erosion, and inflows from turbid rivers and streams.
The changes in turbidity and thus the light environment of submersed macro-
phytes corresponding with these events need to be evaluated relative to other
factors that limit macrophyte distribution. The importance of these "resi-
duals" is often very difficult to quantify.

The importance of submersed macrophytes in aquatic ecosystems is widely
recognized by biologists, but public perception of their value focuses pri-
marily on their utilization by migratory waterfowl as food. Many aquatic
vertebrates and invertebrates utilize aquatic macrophytes for food and cover.
In fact, the metabolism of many flowing and 1limnetic ecosystems is dominated
by photosynthesis and respiration of aquatic macrophytes which are at the
base of the detritus food web. Exchange of nutrients among the compartments
of the sediment-plant-water system and calcium carbonate precipitation in
plant beds can have striking effects on the water chemistry of aquatic eco-
systems.

Most of the data and examples reviewed are from North America. Examples
from north-central and northeastern United States and contiguous Canadian
areas dominate the review. This is due partly to the abundance of lakes in
those districts and partly to the large number of Timnological studies con-
ducted there. Data are presented for areas other than North America, but a



serious review of the world literature was not made. Some of the most rele-
vant studies on turbidity-macrophyte relationships have been conducted in
shallow estuaries rather than lakes.

While the studies cited date back to the early decades of this century,
many of the relevant data are of recent origin. Problems associated with
overabundance of certain macrophytes (e.g., Myriophyllum spicatum, Hydrilla
verticillata) have provided the impetus for some of these studies. A few
investigators in the field have recently focused much of their effort toward
resolving the relationship between distribution of aquatic macrophytes and
water transparency. We hope that this review will provide additional in-
sight, identify some critical gaps in our knowledge, and suggest important
areas of research.

North American species mentioned in this report are listed alphabeti-
cally in the table in the Appendices with additional information on the
family, common name, and distribution. Distribution is given according to
the regions developed in Shelter and Skog (1978).



PHYSICAL, CHEMICAL, AND BIOLOGICAL FACTORS
AFFECTING SUBMERSED PLANT GROWTH

Among the submersed vascular plants, there is great variation in life
cycle, morphology, physiology, and reproduction which somewhat reflects the
diversity of their terrestrial ancestors (Arber, 1920). This diversity is
illustrated by the wide range of physical and chemical conditions to which
various species are adapted. The species composition and abundance in a
submersed plant community will depend upon the totality of these factors to
which an area is subjected. The purpose of this section is to provide an
overview of the importance of factors other than 1ight which may limit the
abundance, or even the occurrence, of aquatic vascular plants. While the
discussion focuses on the submersed 1ife forms, many of the factors mentioned
also relate to emergent and floating leaved species.

FLUCTUATING WATER LEVELS

Fluctuating water levels are common features in many shallow aquatic
ecosystems. The distribution of wetland plants in response to a drop and
subsequent rise in water level in a prairie pothole marsh is illustrated in
a study by van der Valk and Davis (1976). The submerged zone was completely
exposed during a summer drought which almost eliminated Ceratophyllum demer-
sum when reflooding occurred the following year. Another submersed species,
Potamogeton sp. aff. pusillus, was little affected but moved 4 or 5 m closer
to shore after reflooding. There was a tendency during the drought for emer-
gent species to germinate and invade the submersed zone such that biomass and
species richness of the zone increased after reflooding. This illustrates
that although some submersed species are severely affected by extreme water
level fluctuation (e.g., Ceratophyllum, which is not rooted), others adapt by
a shift in zonation. However, considering the community as a whole, irres-
pective of Tife form, there was little overall change in community production
and diversity due to water level fluctuation.

~ Where drawdown can be artificially controlled it is commonly used in con-
trol procedures for aquatic macrophytes. Peltier and Welch (1970) suggested
that drawdown, along with Tow rainfall, resulted in greatly increased cove-
rage by Najas spp. in an Alabama reservoir. Similarly, Jackson and Starrett
(1959) noted that Potamogeton pectinatus grew best when water levels remained
low in the shallow, floodplain of Lake Chataqua, I11inois. 1In the Chippewa
Flowage, Wisconsin, which has received repeated winter drawdowns for 50
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years, Nichols (1975) identified five submersed species that either recover-
ed, or increased in coverage after repeated water fluctuation. On the other
hand, if drawdowns are not properly conducted, problems resulting from exces-
sive macrophyte growth may result especially in areas with long growing seasons,
as predicted by Hestand et al. (1973) for Lake Ocklawaha, Florida.

Where drawdowns persist for several years or are frequent during a sin-
gle growing season, as in some reservoirs, submersed vascular plants will
not survive. Reservoirs typically have highly turbid waters and few shallow
areas which further reduces chances for establishment of submersed vegetation.
Controlled drawdowns have been used in the TVA reservoir system for management
- of Myriophyllum spicatum, a nuisance plant (Leon Bates, personal communica-
tion).

Submersed species may be Timited in their length of growth by shallow
water, but it is uncertain whether this would affect rates of production.
For example, Lind and Cottam (1969) found that Myriophyllum exalbescens, in
Lake Mendota, Wisconsin, wasabout half as dense at 2.0 to 2.5 m depth as at
1 m, but the average welght per plant was &out twice as great in the deeper
water. Whether Myriophyllum would respond to 1ncreas1ng water depths during
a single growing season by elongation and reduction in density is uncertain.
Alternatively, reduced depths may result in greater fragmentation and uproot-
ing from turbulence as more of the plant floats near the surface.

Martin and Uhler (1939) stated that at least a few inches of water must
be retained for truly aquatic plants to remain established. Of the species
that they suggested for propogation in periodically exposed wetlands, none
are submersed aquatics. None of the seeds of aquatic plants mentioned by
Sculthorpe (1967) that require drying before germination were from submersed
species.

CURRENTS AND WAVES

In medium to large lakes the eroding forces of waves may prevent the
establishment or result in the fragmentation of submersed aquatic plants in
the shallowest zone. Their absence is probably more commonly due to the
abrasive action of waves rather than 1nstab111ty of the substrates. In ma-
ture baSIHS, the amount of erodable 1norgan1c material in this high energy
zone is usually small, having long since been removed (Hutchinson, 1975).
There is a tendency for submersed vascular plants that grow in these situa-
tions to be small and their occurrence probably depends on resistance to
fragmentation.

Fragmentation due to wave action was determined by Jupp and Spence
(1977b) for Potamogeton filiformis in Loch Leven, Scotland. By comparing
peak b1omass of plots protected from wave action and waterfowl graz12
(243 g/m ) with_plots protected only from waterfowl grazing (125 g/m ?
loss of 118 g/m2 was attributable to wave action. Since plant dens1t1es did
not differ significantly between treatments, all of this loss was due to wave
pruning of shoots. It is uncertain, however, to what extent fragmentation
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calculated by this procedure actually occurred and to what degree wave action
may have merely inhibited potential growth.

In running waters only rooted growth forms become established and thus
they are restricted to areas of sediment deposition, with the notable excep-
tion of members of the mostly tropical Podostemaceae which are attached to
rocks in fast flowing water (Arber, 1920). Hynes (1970a) stated that no
rooted plants show any special adaptation to running water, and the species
that occur in streams and rivers have tough, flexible stems or leaves, a
creeping growth habit, frequent adventitious roots, and strictly vegetative
reproduction.

According to Westlake (personal communication) the relationship between
plant distribution, depth, 1ight and compensation point are complex, parti-
cularly in the relatively shallow depths colonized in fairly turbid river
waters. In these conditions many plants are capable of growing from the
bottom and creating a leaf array containing most of their biomass near the
illuminated surface. Such stands are ultimately Timited in biomass partly
by turbidity, but mainly by self-shading. Their depth limits, as defined by
the deepest water in which they are rooted, are probably fixed by their
capacity to grow from reserves, out of the dark bottom waters and into the
1ight before other plants shade them. Size of storage organs is therefore
important. These principles apply also to still water conditions.

In many flowing water situations, the occurrence of spates or freshlets
following heavy rains severely limits the abundance of submersed species due
to strong currents. For example, Bilby (1977) quantified the effects of
macrophyte distribution in a stream pool before and after a spate resulting
from a large rainstorm in New York. The two dominant species, Elodea canadensis

and Potamogeton crispus underwent a pattern of displacement toward Tower
current speeds following the spate. Most of the reduction in macrophyte
cover was where current speeds were highest.

Where current movement is slow as in irrigation canals, submersed plants
may become exceedingly abundant, as in south Florida (Blackburn et al., 1968).
Likewise, the steady flow and transparent waters of Florida spring runs often
support high biomass of submersed species, whose year-round productivity is
limited by 1ight (Odum, 1956). In these latter two examples water current
serves as an important auxiliary energy source by increasing nutrient availa-
bility and exporting waste products. Within a range of slow currents for
which flow is laminar (0.02 - 0.5 cm/sec), Westlake (1967) demonstrated that
photosynthesis of submersed plants in the laboratory increased with increasing
current velocity. However, the high velocities that occur during flooding
of most streams and rivers would represent stressful and often quite damaging
conditims for macrophytes (Haslam, 1978).

SUSPENDED SEDIMENTS AND THEIR EFFECTS ON SUBMERSED PLANTS

Suspended sediments have effects on submersed macrophytes in addition to
those directly related to a reduction in available light. For example, the
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composition of bottom materials in which plants are rooted depends on the
balance between the rate of sediment supply and the rate at which sediments
are carried away by currents. Current velocity, particle density, and par-
ticle size are mainly responsible for this balance. These variables will be
treated briefly prior to discussing the relationship between macrophytes and
sediment types.

The settling velocity of particles is classically described by Stokes
law which is formalized as

where v is the velocity of the particle (cm/sec), r is its radius (cm), g is
acceleration of gravity, n is the viscosity of the f%uid (poises), and dj and
dp are the densities of the particle and fluid (g/cm®), respectively. If all
other conditions are constant, then the settling velocity is directly propor-
tional to the square of the particle radius, and the equation simplifies to

v = Cré, where C1 represents the various constants. This law does not hold
for large particles because above about 0.1 mm in diameter the settling velo-
cities are proportional to the square root of the radius according to the
impact law. The simplified form of the impact law is v = CpJr] where various
constants are included in C2. Viscous forces operable in Stokes 1law become
negligible. Thus the settling velocity will follow the experimental curve
shown in Figure 1.

In streams and lakes which have turbulent flow, particles are kept in
suspension by kinetic energy that overcomes the gravitational and cohesive
forces. The relationship between velocity, particle size and the fate of the
particles is shown by the Hjulstrom scheme in Figure 2. This graph incorpor-
ates the critical erosion velocity in addition to the settling velocity which
brackets the regions in which particles will be eroded, transported, or de-
posited. This conceptual model is based on a number of assumptions, few of
which have much applicability to field situations where the flow velocity is
stochastic and particles are seldom spherical, of homogeneous size, or of
similar density.

Nevertheless, Figure 2 correctly conveys the concept of segregation of
particle size with respect to flow velocity. In considering dredging acti-
vities, fine particles with their slow settling velocities will remain in
suspension longer and will tend to be transported greater distances than
larger particles. Particles from sediments largely composed of organic mat-
ter have lower densities and will have an even greater tendency to remain in
suspension. It becomes obvious that the duration of shading and the extinc-
tion coefficient of the water will depend greatly on the composition of the
material brought into suspension, whether by natural (floods) or by human
activity (dredging or other disturbances).

Submersed macrophytes and other structural features may act as sediment
traps because of their effectiveness in reducing flow velocity. Growth of
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Figure 1.
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rhizomes and roots in the sediment further stabilizes the substratum. The res-
triction of vascular plant beds to the relatively low energy sectors of
streams contributes to the extremely patchy distribution that is often ob-
served.

In highly organic bottoms, such as in open water areas of peat bogs, the
soft ooze severely restricts the establishment of aquatic macrophytes. Plant
beds are often restricted to species that produce dense and persistent net-
works of rhizomes, as in the case of members of the Nymphaeceae. Although
this family is characterized by floating leaves, some members have submersed
"water leaves" which may persist year round in the southeastern United States
(Brinson and Davis, 1976). The importance of these leaves to the carbon
balance of the plant has never been established.

Not only must sediments be stable for successful colonization of macro-
phytes, but the particle size distribution also influences the species that
occur. Spence (1964) showed that in Scottish lochs submersed broad leaf forms
predominated in water greater than 150 cm deep only when the sediments were
composed of fine muds. However, other factors such as light and turbulence
all change with depth, so it is not possible to single out substrate type as
the most important variable except perhaps by controlled experiments (Pond,
1903; Brown, 1913; Bourn, 1932; Misra, 1938).

Pearsall's (1920) work on the English lakes during the early part of this
century singled out the physicochemical nature of the sediment as the main
factor in determining composition of the vegetation, although the original
interpretation of these results is somewhat questionable (Spence, 1967).
Isoetes was restricted to stony areas with thin silt. This genus apparently
cannot colonize areas of sediment deposition because it cannot alter its root
level. Potamogeton perfoliatus grows in areas with a high clay fraction,
which may also be reTated to nutrient availability, rather than texture alone.
However, Tife forms with a stoloniferous habit are probably able to adjust to
changes in sediment depth except in the most extreme cases of accumulation.

Another aspect of siltation is the accumulation of material on Teaf sur-
faces which reduces light transmission to photosynthetic surfaces and possi-
bly alters gas and nutrient exchange. Sculthorpe (1967) suggested that the
Tinear leaves of Potamogeton pectinatus remain free of settling particles and
thus the species may colonize areas unsuited for submersed plants with leaf
forms more amenable to silt accumulation. Schiemer and Prosser (1976) con-
firmed that the sediment coating on Myriophyllum spicatum, which has finely
divided, feathery leaves, is markedly greater than for P. pectinatus in
sheltered bays of Neusiedlersee, Austria. In addition, they suggested that
silt deposition is enhanced by the presence of epiphytic algae on heavily
infested macrophytes. Increased plant weight due to silt deposition was also
noted as having an inhibitory effect on macrophyte growth. These factors in
addition to wave action appear to be largely responsible for the distribution
of M. spicatum in Neusiedlersee.




GROWING SEASON AND DORMANCY

Submersed macrophytes may resist the effects of freezing by colonizing
depths below the zone of surface ice formation as compared with emergent or
floating leaved species that are exposed to freezing temperatures. In spite
of this, many temperate submersed species undergo a period of dormancy during
the winter and a few species are anatomically and physiologically adapted to
overwintering. However, a number of submersed perennials merely Subsist with
reduced or negligible growth rates and reduced biomass until more favorable
light and temperature conditions at the onset of the growing season. Except
in cases of a limited number of annuals where viable seed development and
favorable conditions for gevrmination must occur, most submersed species are
perennial and overwinter by means of vegetative structures.

Weber and Nooden (1976a, b) described the role of turions in the over-
wintering of Myriophyllum verticillatum. In this species turions are special-
ized compact buds that develop from nodes late in the growing season as a
response to photoperiod and possibly temperature. These reproductive struc-
tures sink to the bottom after detachment from the parent plant. Dormancy is
broken by cold temperatures (0 - 4° C) which compares well with observed
turion germination before ice breakup.

Apart from highly modified organs such as turions, many other less spe-
cialized organs appear equally capable of overwintering. These include dor-
mant apices and offsets, root tubers, stolons, and rhizomes. Dormant apices
and offsets as well as turions can be important in plant dispersal. These
structures in submersed aquatic plants appear to substitute for seed disper-
sal more commonly found in emergent or floating leaved species.

In addition to Tower water temperatures and reduced day length during
the nongrowing season, the presence of an ice and snow cover in northem Tlati-
tudes poses severe restrictions on light penetration. Species that may have
only reduced biomass and growth during the winter season if open water per-
sists will be much reduced in more northern waters that become completely iced
in. This may result in regional differences in standing crops of submersed
plants at the beginning of the growing season.

The presence of ice may also result in physical disruption of macrophyte
communities. Martin and Uhler (1939) described the scouring action of ice
masses during spring breakup in flowing waters and shallow lentic habitats
that may cause severe damage to beds of submersed plants.

NUTRIENT AVAILABILITY AND UPTAKE

There has been considerable controversy concerning the importance of
roots in nutrient uptake from sediments. It is clear from a number of studies
that roots do accumulate nutrients from the sediments and these may be trans-
located to the shoots. However, in many aquatic plants, significant ion
absorption occurs by leaves and there appears to be a qreat diversity in
the relative importance of roots and shoots in mineral nutrition.
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Figure 3 illustrates the spectrum of all possible cases for aquatic
macrophytes in which the x-axis represents a gradient in life form, root-
shoot ratio, or anatomical complexity (Denny, 1972). Emergent species will
obtain most of their mineral nutrition from the sediments, while those that
have floating leaves are intermediate between emergent and Submersed plants.

The actual amount of nutrient absorption in field situations may be re-
lated also to the relative supply in the water and the sediments. For exam-
ple, Bole and Allan (1978) demonstrated that Myriophyllum spicatum and
Hydrilla verticillata utilized phosphorus from the sediment until concentra-
tions in the water reach a threshold value which differs for the two species.
Above these water concentrations uptake from the water column increases.
Nutrient availability is not based solely on concentration since flowing
waters of Tow concentration may actually be a better source of nutrients than
higher concentrations in quiescent waters. Dense growths of submersed commu-
nities often require nitrogen and phosphorus in excess of the amount present
in the water at any one time. Sediment texture and cation exchange capacity
may also be important in the nutrient supply to roots. Since it has been
demonstrated that some aquatic macrophytes translocate phosphorus (Twilley
et al., 1977) and nitrogen (Nichols and Keeney, 1976) both from roots to
shoots and from shoots to roots, it is unlikely that the sediments or the
water alone are the singular source of nutrients.

Although nitrogen and phosphorus are generally believed to be the most
important limiting nutrients in fresh waters, there are no clear cut cases
where submersed macrophytes are excluded by the paucity of either. Rather it
would seem that the rate of productivity may be limited by the supply of these
nutrients. However, in the case of soft and hard waters (low and high CaC03
concentration, respectively) there appears to be an important dichotomy in
species distribution. This has been reviewed extensively by Hutchinson (1975)
who also noted that pH may play an important role in species distribution in
soft waters.

BIOLOGICAL FACTORS

The absence of submersed aquatic plants in fertile lakes and ponds has
often been attributed to shading by dense populations of phytoplankton. . Jupp
and Spence (1977a) reported an inverse correlation between biomass of Potamo-
geton filiformis and open water chlorophyll a concentrations at certain times
during a three-year study of Loch Leven, Scotland. Scums of blue-green algae
accumulating near the shore during Arnabaena flos-aquae blooms intensified
shading in macrophyte beds. Jupp and Spence suggested that these algal blooms,
apparently enhanced by high levels of phosphorus from cultural eutrophication,
retard macrophyte growth by shading and possibly by producing elevated pH con-
ditions.
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Figure 3. Schematic diagram of factors that contribute towards a tendency
for nutrient absorption by roots or shoots. Axes are arbitrary. Modified
from Denny (1972).

However, Phillips et al. (1978) set forth a convincing argument for the
role of epiphytes and filamentous algae in suppressing submérsed macrophyte
growth due to shading. They suggest that dense phytoplankton develops sub-
sequently to the macrophyte decline rather than being its cause. Although
the effects of shading will be treated more fully in Tater sections, the
scheme of Wetzel and Hough (1973) in the succession of littoral communities
with increasing fertility (Figure 4) is of interest here. According to this,
nutrients are initially Timiting to macrophyte productivity and growth is
proportional to nutrient availability. At high concentrations of nutrients,
submersed macrophytes will be excluded due to shading by phytoplankton, epi-
hytes, and filamentous algae. The model probably applies somewhat to flowing
water situations although phytoplankton is expected to be less important and
physical factors more important than in lakes.

The importance of grazing on submersed plants has never received a com-
prehensive review. Repeated mowings during a single growing season may in
some ways simulate high grazing intensities (Davis, in preparation). However,
when one considers the total effect of consumer activity, the disruptive
activity of feeding, whether on macrophytes or other food sources, may be
quite substantial. For example, the feeding activities of carp in Lake
Mattamuskeet, North Carolina, increased turbidity so greatly that submersed
waterfowl food plants did not become established until the fish were removed
(Cahoon, 1953).

11
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Figure 4. Hypothetical changes in relative primary productivity of submersed,
emergent, epiphytic, and planktonic communities with increasing nutrient en-
richment (after Hough and Wetzel, 1973, with modifications according to
Phillins et al., 1978).

Many migratory waterfowl species are primary consumers and may have tem-
porarily devastating effects on wetlands, particularly marshes that receive
overgrazing by geese (Lynch, et al., 1947). Muskrat "eat outs" have also been
observed, but again it is the conspicuous emergent species studied that are
reported to have heavy damage. Anderson and Low (1976) studied grazing rates
on Potamogeton pectinatus by ducks in the open water region of a Mantioba
prairie marsh. By comparing biomass in enclosures and in areas not exg]ud1ng
birds, they estimated that 40 percent of the peak standing crop of foliage and
18 percent of the peak standing crop of tubers were removed. Some of this re-
duced biomass was not consumed but was lost by activities associated with
feeding. By comparison, Jupp and Spence (1977b) calculated that 30 pqrcent of
the peak standing crop of P. filiformis was removed by waterfowl grazing in
Loch Leven. In this case, only shoot biomass showed significant grazing los-
ses, perhaps due to difficulty of uprooting tubers in the fine clay substrate.

HYDROSTATIC PRESSURE

In exceptionally clear lakes of great depth, it would appear that there
is adequate 1light for macrophyte growth at depths beyond the observed plant

12
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Figure 5. Depth maxima for aquatic vascular plants and Nitella spp. as re-
lated to the 1 percent light transmission depth for some British lakes (data
from Spence, 1976).

distribution. At Tower altitudes one atmosphere of excess pressure is equal
to the pressure in about 10 m of water. Hence, depth maxima of species tole-
rant to Tow light Tevels suggest that hydrostatic pressure is a factor in
depth limitation of plant presence. As reviewed by Hutchinson (1975), charo-
phytes, mosses, and the lTower vascular plants tend to grow at greater depths
than submersed angiosperms. R. G. Wetzel (quoted in Hutchinson, 1975) found
that 0.5 atmosphere of excess pressure reduced photosynthesis in Najas flexi-
1is by 50 percent. Spence (1976) compared depth maxima of vascular plants
(including lower vascular plants ) with various nonvascular plants in 23
freshwater lakes. Depth maxima summarized by Spence for submersed vascular
plants and the non-vascular charophyte, Nitella spp., in some British lakes
are plotted against the depth of 1 percent Tight transmission for each lake
(Figure 5). Only the data collected by divers (as compared with from a boat)
are used. The depth maxima for the vascular plants plateau at around 5.5 to
6 m regardless of water transparency. This suggests that factors other than
available Tight Timited the depth maxima for vascular plants and a case for
hydrostatic pressure effects is strongly suggested. Depth maxima for Nitella
Spp., on the other hand, increased throughout the range with increasing light
penetration, suggesting light limitation as being of primary importance.

Adaptations which result in resistance to hydrostatic pressure are un-
clear. In laboratory experiments physiological and/or anatomical and growth
changes in submersed angiosperms become apparent when hydrostatic pressures
of 0.5 to 1 atmosphere excess are applied (Gessner, 1952; Ferling, 1957).
One response is a decrease in the size of intercellular air spaces. Of
course, environmental factors such as sediment characteristics, nutrient
distribution, dissolved oxygen, temperature, and the quality of light reach-
ing the bottom may play a part in restricting depth penetration by plants.

13



RESPONSES OF SUBMERSED PLANTS TO LIGHT AND TURBIDITY

LIGHT ATTENUATION

The depth to which submersed aquatic vascular plants are distributed
depends on the availability of light, if no other factors such as hydrostatic
pressure, nutrient supply, substrate composition, and turbulence 1imit growth.
Three factors affect light attenuation: absorption by water itself, absorp-
tion by suspended particles, and absorption by dissolved substances.

Monochromatic light passing through chemically pure water is absorbed
exponentially and thus decreases at a constant rate with increasing incre-
ments of depth. This relationship can be expressed as the extinction coeffi-
cient, n, which decreases from the red to the blue end of the visible spec-
trum. The extinction coefficient, n, is a function of the light intensity at
the surface (I,) and the intensity at depth z in meters

In Io-ln 1z

Zz

The extinction coefficients of natural waters deviate greatly from those of
pure water due to the presence of dissolved and particulate substances which
absorb and scatter light. The spectral quality of light is particularly af-
fected by dissolved substances, since light scattering by particulate matter
is relatively nonspecific in optical effects.

The extinction coefficient of natural waters is separated into three
components such that

where nt is the total extinction coefficient, and the remaining terms are
due to water, suspended particulates, and dissolved color, respectively.
Thus the expression can be rearranged so that the intensity of light, I, at
a depth of one meter below I, is

14



Figure 6, adapted from the data of James and Birge (1938) for Lake
George in Wisconsin, clearly shows the effects of absorption by each of these
components . (The data are graphed as percentile absorption, expressed by the
- formula, 100 (1, - Iz)I,, where I, is at 1 m depth.) Short wavelengths (vio-
let and blue) are most strong]y agsorbed by the dissolved material which most-
ly consists of dissolved organic compounds, absorption of long wavelengths
(red and infrared) is due mostly to water, while the particulate matter is
quite nonspecific in its absorption properties, at Teast when in low concen-
tration. However, in using sediment concentrations between 50 and 5,000 ppm,
Otto and Enger (1960) found that the red wavelengths penetrated somewhat fur-
ther than blue. The spectral discrimination was greater for a commercial
sodium base montmorillonite type bentonite than for a sediment obtained from
a reservoir. This indicates that although suspended sediments may have a
negligible effect on spectral quality at low concentrations (< 50 ppm),
higher concentrations may cause significant shifts in the relative penetra-
tion of various wavelengths. Selective absorption by algal pigments may
occur in the blue (400-500 nm) and red (640-680 nm) when phytoplankton are
dense, but the amount is minor when compared with the attenuation by particu-
late matter throughout the visible spectrum (Westlake, 1966).

Vertical extinction coefficients then represent a composite of all wave-
lengths and vary considerably among natural waters depending on the contribu-
tion by suspended particulate and dissolved components. Values of ny range
from about 0.2 for exceptionally clear lakes such as Lake Tahoe, California,
to values in excess of 10 where turbidity is extremely high such as for re-
servoirs receiving inputs from flooding rivers (Wetzel, 1975; Westlake, 1966).
Ice cover reduces light transmission to variable degrees depending on whether
the ice is clear, contains bubbles, or is stained. Theoretically, clear ice
transmits light better than natural water because the dissolved substances
have been reduced. However, snow cover reduces transmission considerably.
Self shading by submerged macrophytes may be large depending on biomass, and
as 1ittle as 0.1 percent of the surface 1ight may reach the bottom of a river
weed bed, mostly in the green wavebands (Westlake, 1966).

RELATIONSHIP OF ACTUAL LIGHT TRANSMISSION AND
SECCHI DISC TRANSPARENCY ESTIMATES TO THE EUPHOTIC ZONE

The euphotic zone is the region from the surface to the depth at which
99 percent of the incident surface light has disappeared. Work based on
response of phytoplankton suggests that the intensity of light at this Tevel,
i.e., 1 percent of the surface light, represents the compensation light in-
tensity at which photosynthesis and plant respiration are in balance. For
many of the studies we cite, only Secchi disc transparency depths are availa-
ble. It would be valuable to be able to relate the Secchi depth to the more
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Figure 6. Total absorption spectrum of water from Lake George, Wisconsin,
as compared with spectra for pure water, dissolved organic color, and sus-
pended particulates. Modified from James and Birge (1938).

theoretically sound measurements of extinction coefficient or percent light
penetration at which the Secchi disc disappears. Attempts have been made to
do this (Poole and Atkins, 1929; Verduin, 1956; Cole and Barry, 1973). As
Hutchinson (1957) pointed out, the Secchi depth measurement actually is based
on a comparison of the brightness of the disc and the water surrounding it.
Thus Tight reflected from the bottom in shallow water or scattered upward by
silt-laden waters can introduce considerable error. Nevertheless, factors
of 2.7 to 3.0 times the Secchi depth have been found to approximate the 1
percent level in many cases (Cole, 1975). Based on empirical evidence for
coastal waters, Holmes (1970) suggested that a factor of 3.5 might be most
appropriate in water with a Secchi depth of less than 5 m and a factor of
2.0 for water with a Secchi depth between 5 and 12 m. However, as will be
discussed later, lower factors appear to be more approoriate for relatively
clear waters.

Within a single lake, seston would be expected to have a greater corre-
lation with Secchi depth transparency than dissolved colored compounds be-
cause of greater seasonal change in suspended material. However, between
lakes, the confounding effects of varying color would weaken the relationship
between Secchi depths and extinction coefficients.
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DEPTH ZONATION AND TURBIDITY
TOLERANCE OF SUBMERSED SPECIES

Species that become established and grow in the deeper regions of aqua-
tic ecosystems where only a small fraction of the surface -irradiation remains
are better adapted. to survival at low levels of 1light than those restricted
to shallower and better illuminated zones. In shallow aquatic ecosystems
where light is rapidly attenuated by high concentrations of suspended sedi-
ments, the same species tolerant to low levels of 1light might be expected to
compete more effectively than those requiring high Tlight intensities. To
test this hypothesis, the depth distributions for a number of species fram
diverse systems are presented graphically with their Secchi depth estimates
.in Figure 7. Available North American depth distribution records of submers-
ed angiosperms have been tabulated for aquatic systems where water depths
were such that the maximum depth of submersed plants would likely be limited
by irradiance rather than the shallowness of the system. Some data are given

for areas other than North America but an extensive search of world litera-
ture was not made.

The variety of methods of collecting and reporting the data summarized
in Figure 7 and the complexity and variations within and between the ecosys-
tems put the comparative analyses to be made Tater within the realm of approx-
imations. Normally for each species the shallowest and greatest depths re-
ported are shown along the depth axis and the area of greatest frequency,
density, cover, or standing crop is indicated by cross-hatching. No absolute
values are given; only the relative occurrence of a species along the depth
gradient is graphed. These data were often given in the 1iterature just as
reported here, but in some cases we have given our best estimate. For exam-
ple, depth distribution may have been reported within range classes such as
percent frequency at 0-1, 1-3 and 3-8 m (Rickett, 1922, 1924; Wilson, 1935,
1941). In this specific case the minimum depth would be graphed as 0.5 m if
the species occurred at 0-1 m while the maximum depth would be graphed as
5.5 m if the species occurred at 3-8 m. .

Secchi disc depths as given in the literature or as estimated from sub-
marine photometer readings are given when available. There are many problems
associated with attempting to relate Secchi readings to the light environment
of the plant. These range from the visual acuity of the observer to the
necessity of using Secchi data taken at times other than the growing season
for the plants in question. One possible source of error in Secchi readings
which doesn't appear to be serious is the lack of standardization in disc
size and contrast (white as compared with black and white) common in earlier
studies. Baker and Magnuson (1976) found no significant differences in trans-
parencies in Crystal Lake, Wisconsin, as measured with a 20 cm black and
white disc and a 10 cm white disc.

To convert occasional clear water light transmission data taken with a
submarine photometer to Secchi depth transparency estimates, the depth (m) at
the 1 percent light level was divided by 1.7. This factor is consistent with
observations by Wile (in preparation) for fresh waters in southern Canada and
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Figure 7. Depth distributions for submersed macrophytes.
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Figure 7 (Continued)
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= Lake Cautauaua, NY N1cHoLson & Arovo, 1975
3 Lake East Oxomout, 1A CRuM B Bacrmann, 1973
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7/, 1/ Lake OPINICON, ONTARTO CROWDER ET AL., 1977
7z ] BAcKk Bay, VA; Currituck, NC  Sincock, 1965
F1T ] Par Ponp, SC Grace & TiLLy, 1976
Continued
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Figure 7 (Continued)
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Locolity

Prckwick Reservolr, AL

PamLico River, NC
Rack Rav, VA; Currituck, NC

“Conway Laxe (Sourn pool), FL

Pickwick Reservolr, AL
Lake. Menota, W]
SouTHERN ONTARIO LAKES
Lake Georoe, NY

GREEN Lake, I

Lone Lake, MN

Lake West Oxomout, 1A
Lake MuskeLLUNGE, W[
Trout Laxe, Wl
LawRENCE Lake, M

LAxE MenooTa, Wl
SiLver Laxe, Wl

Littie Joun Laxe, Wl
Minror Lake, MH

Back Bav, VA Cumrituck, NC
SouTHERN ONTARIO Lakes
Lake West DxkopoJ1, IA
LAKE GEORGE. NY

LAxe CHauTAUQUA, NY
SOUTHERN ONTARIO LAKES
Mirror Laxe, NH

Lake MuskeLLunce, W]
Trout Laxe, Wl

Green Lake, ¥l
Lawrence Laxe, M1
SoutHern ONTARIO LAKES
Lake George, NY

SiLver Lake, Wl

Lake MuskeLLunge, W]
Trout Laxe, W1
Lawrence Laxe, NI
LITTLE Joun Laxe, Wi
MoNTEZUMA WELL, AZ
Laxe Georse, NY
SouTHERN ONTARIO LAKES
Lawrence Lake, Wi
Conway Lake (WesT pooL), FL
Lake Wesr Oxosout, IA
ConwaY LAKE (MippLE paoL), FL

Source

PerTieR & WeLeH, 1969

Davis & Brinson, 1976
Bourn, 1932

NaLL R Scuaror, 1978
PeLtier 8 WeLew, 1969
Dewniston, 1921

I, WILE, IN PREPARATION
SweLDon & Bovien, 1977
Rickery, 1924

Schmip, 1965

Crum & Bacrmann, 1973
WiLson, 1935 |
WiLson, 1941

-RicH ET ALy, 1971

Dennisyon, 1921

WiLson, 1935

WiLson, 1935

MoeLLER, 1975

Sincock, 1965

. WILE, IN PREPARATION
Crum & Bachmans, 1973
SHELDON & Boview, 1977
HicHoLsoN B Arova, 1975
1, WILE, IN PREPARATION
MoeLLer, 1975

WiLson, 1935

WiLson, 1901

" Rickert, 1924

WiLson, 1935

. WILE, IN PREPARATION
SHELDON & Boviewn, 1977
Porzeer & VaN Encel, 1942
WiLson, 1935

WiLsoN, 1941

RicW ET L., 1971

WiLson, 1935

CaLe & BavcweLoer, 1969
SweLoeN & Bovuew, 1977

1, WILE, IN PREPARATION
Rich €T AL., 1971
NALL & ScHARDT, PERS. COMM,
CRuM & Bacumann, 1973

NALL & SCHARDT, PERS, COMM,



Figure 7 (Continued)

Depth {m)
Species ? 1 2345678 910 Locality Source
LI L A L I B
PoTaMOGETON ILLINGENSIS {CONT.) oo Conmwar LAKE (SouTH POOLY, FL NALL & ScHampr, PERS. CONM,
(I Conmay Lake (EasT Poo), FL  MaLL & SCHARDT, PERS. CoMM.
POTAMDGETON LUCENS Z__— 1 ] Lake Furess, Denmark SetneLIN  Raunkiaer & Bove Peteesow, 1917
o271 Lake Menbora, Wl DenisToN, 1921
N . Lake Furesd, Denmar CHRISTENSEN & AnDERsON, 1958
PotaMocETON NATANS ¥z _ 1 % Greew Lake, Wl Rickert, 1924
O N | Lake Hest Oxomor, 1A CRUM & BachManN, 1973
3 | Trout Lake, WI WiLson, 1941
n ] Lake MuskeLLunce, W1 WiLson, 1935
POTAMOGETON OBTUSIFOLIUS S 7] 1L5% TrouT Lake, W1 WrLsoN, 1941
POTAMOGETON PECTINATUS U ToTmm oI mmm TR Lake Towoa, Jaean JineB €T L., 1955
‘ Pz Laxe Furesd, Denmark SEIDELIN RaUNKIAER & Bove PeTersow, 1917
] I=14  Laxe Varana, Yucosiavia GoLus1c, 1963
FOUOIITS ] Lake Hest Oxosoui, IA CruM & Backmann, 1973
o Lake S1savi, Soutd Arrica  BouTr ET L., 1960
L Z 1 ] SOUTHERN DNTARIC LAKES I. WILE, IN PREPARATION
————— | Lons Lake, MN Sckmin, 1965
Y T Green Lake, Wl Rickerr, 1924
Lake Bunvonvi, Usanoa Denny, 1973
Lake Furesd, Denmarx CHRISTENSEN & AnDERSON, 1858
Lake Menpora, WI Dennrston, 1921
Bis SPiriT Lake, [A CruM & Backmann, 1973
1 Lake Georse, NY SHELDON & Bovien, 1977
Back Bav, VA; Currrtuck, NC  Sincock, 1965
Trout Lake, Wl WiLson, 1935
Back Bay, VA:; Currituck, NC  Bourn, 1932
Lake East Okosodi, [A CRUM & BacHMANN, 1973
Lake Crauvaoua, IL JACKSON & STARRETT, 1959
Lawrence Lake, MI Riew €T AL, 1971
UpPer Gar Lake, IA Crum & Bachmann, 1973
Lake MinnewasuTA, [A CruM & BachMann, 1973
Lower Gar Lake, [A CRuM & BacMann, 1973
POTAMOGETON SUBSECTION S A B Lake Georse, NY SHELDON & Bovien, 1977
Ezsigt::;:ls,(I{_".‘C::i:q_ims Z 1 1] Lake Furesd, Denmark SErpELIN RaunkiaEr & Bove Peterson, 1917
VAR, BUPLEUROIDES AND P, C ZF ] SoutHERN OnTARIO LAKES I WILE, IN PREPARATION
RICHARDSONIL) Lake WinpermeRe, EnaLAND PearsaLL, 1921
GReen Lake, Wi RickerT, 1924
Trout Lake, Wl WiLson, 1941
ZZZZ 1 | Lake ULLswaTer, ENGLAND PearsaLL, 1921
1Z ] Lake Furesd, Denmark ChrisTENSEN & Anperson, 1953
Y Sy Lake Menota, Wi Dewniston, 1921
Iz Back Bav, VA; Curmrituck, MO Sincock, 1965
[z 1 Lake DERWENTWATER, ENGLAND  PearsaLt, 1921
Continued
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Figure 7 (Continued)
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328-607 0 - 80 = 5

Locality

Liviee Joww Lawe, W1
LAKE CHauTAuoua, NY

|.AKE EasT Nkosoul, [A
Back Bav, VA; Currituck, NC
Pamcico River, NC

UpPER GAR Lake, [A

Lake MINNEWASHTA, 1A
Lake GeorGe, NY
SOUTHERN ONTARIO LAKES
Laxe YINDERMERE, ENGLAND
Laxe ULLswATER, ENGLAND
Lonc Lake, MN

LAKE DERWENTWATER, ENGLAND
Lake WesT Oxopour, 1A
Trout Lake, Wl

Bic Serrit Lake, [A
Lawrence Lake, MI

Lake MuskeLLunce, W]
Lake GeorGe, NY

LAKE ULLSWATER, ENGLAND
Laxe West Oxomost, A
LAKE WINDERMERE, ENGLAND
TRouT LAKE, Wl

Lake MuskeLLuNGE, WI

SiLver Lake, Wl

Bic SPIRIT Lake, [A

LiTTLe Jouw Laxe, W]

WakuLLa Sprines, FL
Lake East Oxosout, IA
Uprer GaR Lake, [A
LAKe MinNEwasuTa, 1A
LaKE GeorGE, NY
LiTTLE SissaBocama Lake, Wl
SouTHERN ONTAR1O LAKES
Trout Laxe, Wl

Lake MusKELLUNGE, WI
Mirror Lake, NH

Lake feoree, NY
Mirror Lake, NH

Lake MuskeLLuNGe, Wl
Siiver Lake, W1

Trout Lake, Wl

Southery ONTARIO LAKES

Source

WiLson, 1935
NicheLson & Mrova, 1975
CRUM & Bachmann, 1973
Bourwn, 1932

Davis ¢ Brinson, 1976
Crum & Bacumann, 1973
Crum & Bacumann, 1973
SHELDON % BovLew, 1977
1. WILE, IN PREPARATION
PearsaLt, 1921
PearsaLL, 1921

Schmin, 1965

PearsaLL, 1921

CRUM & Bacumann, 1973
WiLsoN, 1935

Crum & Bachmann, 1973
RicH ET L., 1971
WiLson, 1935

SHELDON & BovLEw, 1977
PearsaLL, 1921

CRUM & BacHmany, 1973
PEARSALL, 1921

WiLson, 1941

WiLson, 1935

WiLson, 1935

CRUM & Bacumann, 1973
WiLson, 1935

MarTIN & UsLer, 1939
Crum & Bachmann, 1973
Crum & Bacmann, 1973
CRUM & Bacumann, 1973
SHELDON % Bovien, 1977
STEENIS, P:ns.%om.
1. WILE, IN PREPARATION
WiLson, 1911

WiLson, 1935

MoeLLER, 1975

SHELDON & Boview, 1977
MoELLER, 1975

WiLson, 1935

Weison, 1935

WiLson, 1341

1. WILE, IN PREPARATION



Figure 7 (Continued)

Depth (m)
Species 01 2 34 56 7 8910 Locolity Source
rrrrrrrrrorrTrmT—
POTAMOGETON  20STERIFORMIS Lons Lake, MN Scumip, 1965
SOUTHERN ONTARIO Lakes I, WILE, IN PREPARATION
b R Laxke Yest QkosoJt, 1A Crum & Bachmany, 1973
[ IR N Lake Menpota, VI Denniston, 1921
GReeN Laxe, NI RickeTT, 1924
— Lake George, NY SueLbon & Bovien, 1977
¥ TT1% ’ B1s Spimtr Lake, 1A Crum & Bachmann, 1973
RANUNCULUS AQUATILIS 777 1 3 Green Laxe, W Rickerr, 1924
Gz ) SouTHERN ONTARIO Lakes I, WiLe, IN PREPARATION
Trout Laxe, Wl WiLson, 1941
Laxe Bunvonvi, Usanpa Denny, 1973
| LAke Georee, NY SueLDon & Bovien, 1977
RanuncuLus LonsTRoSTRIS Lake West Oxomout, 1A CRum & BacHmann, 1973
{ Lake Georee, NY SHELDON & Boyien, 1977
Rupp1a MARITINA Brs SeiriT Lake, 1A Crum & Backmann, 1973
Back Bav, VA; Currituck, MC  Sincock, 1965
SaLINE Lakes, ND MercaLr, 1931
PamL1co River, NC Davis & BRiNsoN, 1976

Back Bay, VA; Cumrituck, NC  Bourn, 1932

SAGITTARIA CUNEATA TrouT Lake, W1 WiLson, 1941
SAGITTARIA GRAMINEA b <2277 || TRouT LaKe, W1 WiLsow, 1941
T | S 1 Lake George, NY SHeLoon & Bovien, 1977
777 ] 1 Mirror Lakes NH MoeLLER, 1975
SAGITTARIA SUBULATA 1E1] Back Bav, VA; Curmitucks NC  Siwcock, 1965
SCIRPUS ACUTUS | 1 Trout Lake, Wi WiLson, 1941
SCIRPUS SUBYERMINALLS 2 ) Lawrence Lake, MI RicH €T AL, 1971
SPARGANIUM ANGUSTIFOLIUM Y22 ] Weser Lake, W! Potzeer & VaN EnGeL, 1942
D | Mirror Lake, NH MoeLLer, 1975
| 1 TROUT Lake, W WiLson, 1841
SUBULARIA AQUATICA - | Lake Georee, NY SHELDON R BovLen, 1977
T Lake FLOLEN,  SWEDEN Thunmark, 1931
UTRICULARLA CORNUTA I 1 LawReNCE LAKE, MI RicH ET aL., 1971
Urricuarta E | I | | Lawrence Laxe, M Riew ev aL., 1971
UTRICULARIA INTERMEDIA LAKE OPINICON, ONTARIO Cra1G, 1976
UTRICULARIA MINOR 0 LAke OFINICON, ONTARIO CRale, 1976
UTRICULARIA PURPURER 2777 1 Mirror Lake, NH MoeLLEr, 1975
UTRICULARIA RESUPINATA 7] | Lake Georce, NY SeLpon & Rovien, 1977
UTRICULARIA VULGARLS 0 Lake Opinicon, ONTaRIO Crats, 1976
VALLISNERIA ;;;A J WakuLLa Serinss, FL MARTIN & L'wLEr, 1939
s ) ) Lake Georee, NY SHELDON & Boview, 1977
(i 1/ SoUTHERN ONTARIO LAKES I, VILe, 1N PREPARATION
- Sutuinniuiaggs g | Lake West Oxomou1, IA CRUM & Bacuman, 1973
T | Siwver Lake, W1 WiLson, 1935
Continued
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Figure 7 (Concluded)

Depth (m)
Species 0! 2' 3 ‘} '5 ? "’ ? 9 10 Locality Source
VALLISNERIA AMERICANA (CONT.) Lake OpinicoN, ONTARIO CROWDER ET AL., 1977
C---"13 Convay Lake (Mest pooL), FL. MaLL % Scuarp7, PERS. COMM.
[ VZZZA4 DerrotT River, MI Hunt, 1963
e Back Bav, VA; Currituck, BU  Sincock, 1965
T Bic SeiriT Lake, A _ Caum & Bacamw, 1973
gy | Conway LAKe (EAsT pooL), FL  NALL & ScHARDT, PERS. COMM.
TZ= ] Green Laxe, W1 Rickevr, 1924
= | Lake MuskELLUNGE. WI Wicson, 1935
Zz1 PamLico River, NC Davis & Brinson, 1976
-3 Lake Cuautavoua, NY NicnoLson T Arovo, 1975
- -3 Lake East Okoodi, [A Crum & Bachmann, 1973
Iz Back Bav, VA; Currituck, NC  Bourn, 1932
(| Ueper Gar Laxe, IA Crum 2 Bacxmann, 1973
LANNICHELLIA PALUSTRIS 3 Towa GReaT Lakes, IA Crum 2 Bacumann, 1973

Wetzel (1975; Figures 5-9 and 5-16) for Lawrence Lake, Michigan. Based on
studies of turbid waters in Back Bay, Virginia (Sincock, 1965), a conversion
factor of 2.5 was used for the data of Bourn (1932).

Perhaps the maximum depths of plant growth recorded in Figure 7 are more
reliable than other information given. However, as discussed by Hutchinson
(1975) and Spence (1976), there can be problems in establishing the maximum
depth in a water body where a species is rooted and growing. Accuracy in-
cludes judgement as to whether a small number of plants (or the plant) at a
depth are Tliving and are truly rooted. Ceratophyllum demersum is a special
problem because it does not form roots although a portion of the shoot often
becomes embedded in the sediment and thus “rooted" (Arber, 1920). Other
species such as Myriophyllum spicatum at times produce rooted floating shoot
fragments which normally sink with time. Hence shoots of C. demersum and
other species may be carried to the deeper areas and sink to the sediment
where they may soon become moribund in the more stressful environment. Even
though some shoots were found as deep as 9.2 m, Spence (1976) set the macro-
phyte limit for Loch of Lowes at 3.9 m which was close to the 1 percent cover
line of 3.6 m. The increasing use of SCUBA divers in studies of submersed
macrophytes should lead to more accurate data.

_ Though the ecological importance of straggling plants surviving in the
lower depths is probably minimal, depth records suggest that there are
physiological limits due to hydrostatic pressure as discussed previously.
Hutchinson (1975), in summarizing depth records for a number of aquatic .
macrophytes, rejected some of the published depths of colonization due to
problems mentioned above. He suggested that the record depth for submersed
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freshwater angiosperms was for Potamogeton strictus Philippi, which is ap-
parently not found in North America (ShetTer and Skog, 1978). Tutin (1940)
fgund this species at slightly deeper than 11 m in the high mountain Lake
Titicaca, Peru-Bolivia. Recent data, especially those of Moeller (1975),
Sheldon and Boylen (1977), and Wile (in preparation), all from the same geo-
graphical area of northeastern United States and southeastern Canada, extend
the depth ranges for a number of species native to.North America. Perhaps
the most notable depth record is for Elodea canadensis which was found at one
g;7§?e 12 m sampling stations in Lake George, New York (Sheldon and Boylen,

Relationship between Maximum Depth
Distribution and Secchi Transparency

Figure 8 is a summary of depth records for 10 species in Figure 7 plot-
ted as a function of Secchi depth. Some trends are discernable and factors
which may affect depth distribution will be discussed. However, conclusions
drawn from these graphs are necessarily tentative owing to the paucity of
data points as well as problems already mentioned in interpretation of the
original data. The resistance of these species to environmental changes will
be discussed further on page 44.

Since Eleocharis acicularis is a sedge, one might judge a priori that it
is a shallow water species. This is confirmed by depth records of 2 m or
less for five of the seven data points (Figure 8a). The scattering of the
points suggests that E. acicularis does not respond to water clarity in a
predictable manner as do some other species that have increasing maximum
depth distribution with increasing Secchi depth. In fact, Wilson (1935)
placed it in an ecological group of species (mainly rosulate) which becomes
totally submerged only in response to changing lake conditions. Other species
placed in this group were Lobelia dortmanna, Juncus pelocarpus, and Gratiola
aurea. These relatively clear water species with generally shallow maximum
depth records (Figure 7) are probably limited in depth maxima by factors
other than reduced irradiance. ‘An affinity for sandy sediments which are
normally characteristic of shallow areas subjected to fetch and water turbu-
lence is one possible explanation for the depth distribution patterns. Lab-
oratory and field experiments have shown that certain species grow best when
rooted in specific types of aquasoils (Pond, 1903; Brown, 1913; Bourmn, 1932;
Misra, 1938).

The relationship between depth maxima and Secchi depths for Potamogeton
raelongus (Figure 8b) can be considered representative of several species
of this genus with a North American distribution, primarily in clear fresh
waters in Canada and northern United States. In addition to P. praelongus
these species include E:‘robbﬁnsiig P. zosteriformis, P. amptifolius, an »
P. gramineus. Since depth maxima for this group are normally high, one might
expect that these species would tend to survive under reduced light penetra-
tion due to suspended particles. However, some studies of long term changes
in lakes where turbidity has increased show that these northerm species tend
to disappear or decrease in biomass (Volker and Smith, 1965; Lind and Cottam,
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Figure 8. Maximum depth distribution of selected species from Figure 7 plot-
ted against Secchi disc transparencies of the waters where the distributions
were observed: (a) Eledcharis acicularis, (b) Potamogeton praslongus, (c) Najas
flexilis, (d) Potamogeton pectinatus, (e) Myriophyllum spicatum, (f) Vallisne-
ria americana, (g) Najas guadalupensis, (h) Ceratophyllum demersum, (1) Pota-
mogeton subsection Perfoliati, (j) Elodea canadensis.
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1969; Stuckey, 1971; Nichols and Mori, 1971; Crum and Bachmann, 1973; Baumann
et al., 1974; Bumby, 1977). Especially striking was the virtual elimination
of the group with increasing human activities over 70 years in the vicinity

of Put-In-Bay Harbor, Lake Erie, Ohio (Stuckey, 1971). Though these species
do well at the Tow light intensities of deeper waters, they appear to be re-
stricted to rather narrow conditions which do not include highly turbid waters.

A number of physical and biological changes are likely to be associated
with increasing turbidities from increasing suspended sediments. These in-
clude increasing inorganic nutrient levels and changes in biological compon-
ents of the ecosystem. Of 19 lakes and ponds of Southern Ontario studied by
McCombie and Wile (1971), Potamogeton amplifolius was present only in the
most oligotrophic impoundment. Disappearance or reduced importance of northern
species has also been associated with increased importance of other species,
especially Myriophyllum spicatum (Lind and Cottam, 1969; Nichols and Mori,
1971; Steenis, 1970) and perhaps P. crispus (Fassett, 1957; Stuckey, 1971;
McCombie and Wile, 1971; McIntosh et al., 1978). Both of these species have
been naturalized from Europe.

Najas flexilis (Figure 8c) is found under a wider range of Secchi depths
than the northern species. of Potamogeton. This species principally has a
northern distribution and does not range southward sufficiently to be consi-
dered cosmopolitan. There does not appear to be much tendency for an increase

in maximum depth with increasing water transparency for the data points avail-
able.

Compared with the three species just discussed, the remaining species all
show some degree of linearity between Secchi transparency and maximum depth
distribution (Figures 8d-8j). A1l except Najas guadalupensis, which tends
to have southern affinities, are strongly cosmopolitan. Potamogeton pectina-
tus grows well under a wide variety of conditions. This is consistent with
the wide range of Secchi transparencies and depth records for the plant. 1In
their study of Canadian ponds and lakes, McCombie and Wile (1971) found P.
pectinatus growing in waters of wide specific conductance range and spanning
the complete range of Secchi transparencies from 0.9 to around 5.7 m. This
species may be found in waters high in suspended sediment and organic pollu-
tion and is often rooted in silty sediments (Butcher, 1933; Hynes, 1970;
Haslam, 1978; Ozimek, 1978). The essentially linear leaves have been obser-
ved to be relatively free of the silt blanket which tends to cover submersed
macrophytes in waters high in suspended sediments as discussed previously
(McCombie and Wile, 1971; Schiemer and Prosser, 1976).

The data points for Ceratophyllum demersum (Figure 8h) indicate a dis-
tribution at somewhat greater depths than other species for water bodies
with Secchi depths less than 5 m. This suggests a degree of shade tolerance
for this species which will be discussed in more detail in a later section.
For Elodea canadensis, the linearity between maximum depth and Secchi trans-
parency 1s remarkable. The depth record of 12 m in Lake George, New York
(Sheldon and Boylen, 1977) is the greatest depth reported for submersed
angiosperms. Summer water temperature to 12 m ranged from 22-25°C in Lake
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George. Light transmission to 12 m during the summer was about 10 percent
of incident and the water column and sediments were aerobic at least to 12 m
water depth. Thus, these factors probably were not Timiting the maximum
depth of growth. Rather, hydrostatic pressure is important in limiting the
depth of growth of deep water species in Lake George. Elodea canadensis was
somewhat more resistant to excess pressure than two other species studied by
Ferling (1957). A number of depth records in Figure 7 were for Lake George.

The linear pattern between maximum depth and Secchi transparency for F
Elodea canadensis differs from a tendency for some of the other species,
such as MyriophyTlum spicatum (Figure 8), Vallisneria americana (Figure 8f),
Najas guadalupensis (Figure 8g), and the Potamogeton subsection Perfoliati
group (Figure 8i), to reach a plateau at & to 7 m depth. This plateau indi-
cates that hydrostatic pressure rather than 1light availability controls maxi-
mum depth distribution.

Turbidity Tolerance Index

When the maximum depths for submersed angiosperms of Figure 7 are plot-
ted against their Secchi depths, a linear relationship is apparent at shallow
depths for most species (Figure 8). This suggests that, in the range of
around 2.5 m Secchi depth or less, turbidity is an important factor affecting
maximum depths of growth. It follows that if a species is found in the deeper
areas in water bodies with 2.5 m Secchi depths or less, the species would have
a degree of turbidity tolerance. More specifically, the higher the depth
maxima to Secchi depth ratio in the turbidity-stressed systems, the higher
the turbidity tolerance of the species. This ratio, along with related infor-
mation, is given in Table 1 for species of Figure 8. Species with higher tur-
bidity tolerance indices are better adapted for surv1va] under conditions of
Tow light transmission.

The absence of Potamogeton praelongus in the systems with turbidity stress
typifies potamogetons that are mainly restricted to northern areas as discuss-
ed previously. The Tow ratio for Eleocharis acicularis is not surprising; the
depth distribution of this species does not correlate with Secchi transparency.
Elodea canadensis is apparently sensitive to turbidity, even though it may
grow at great depths where turbidity is Tow. Perhaps the effects of suspended
particles on Tight quality reach1ng the plants is especially important for
this species. Of the remaining species Ceratophyllum demersum, Vallisneria
americana, Najas guadalupensis, and P. pectinatus have the highest turbidity
to]erances The mean depth of Ceratophyllum demersum is greater than that of
other species (Figure 8).

Thus, it appears that not all species tolerant to Tow levels of Tight
and growing at great depths in clear lakes will be successful in colonizing
aquatic ecosystems of high turbidity. These exceptions may be species that
are sensitive to factors such as eutrophication, substrate type, siltation
of leaves, or light quality, rather than just the quantity of light.” Never-
theless, the turbidity tolerance index provides an approximation of the re-
lative resilience of several species to turbidity stress and their rank is
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Table 1. Turbidity Tolerance Index for Selected Species of Figure 7
Expressed as the Ratio of Depth Maxima to Secchi Depth
Where Secchi Depth is 2.5 m or Less

No. Systems: Total No. Turbidity
Species Secchi :.2.5 m .“Systems__}‘Tolerance Index

Potamogeton praelongus 0 11 0
Eleocharis acicularis 2 7 0.5
Elodea canadensis 7 14 1.1
Potamogeton s.s. Perfoliati 9 17 1.5
Najas flexilis 3 11 1.7
Myriophyl1um §p1’catuma 11 40 1.7
Potamogeton pectinatus 9 22 2.0
Najas guadalupensis 5 ) 2.2
Vallisneria americana 6 17 2.4
Ceratophyllum demersum 2 11 | 2.8“_

aFrom data for lakes of southern Ontario, Canada. Twenty-three sampling
stations were in Georgian Bay of Lake Huron with the rest from various
other lakes (I. Wile, in preparation).

supported by observations on distribution in nature. Additional data are
needed to firmly establish the relationship between submersed species and
turbidity.

PHOTOSYNTHESIS AND GROWTH IN RESPONSE TO LIGHT

It is"apparent from the foregoing discussion that some macrophyte spe-
cies have an affinity for deeper or more turbid waters while others tend to
be restricted to conditions of higher light intensities. It would be impossi-
ble from the data given above to classify all species as being either shade
tolerant or high light requiring although the approach used in Table 1 is prom-
© ising. Rather we will examine the experimental evidence available for a few
species to see if it provides further insight to the possible light control of
macrophyte zonation and turbidity tolerance.
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Many of the experiments reported in the Titerature on apparent photosyn-
thetic rates of submersed macrophytes relate to the light intensity at which
the photosynthetic system is saturated. The Towest irradiance necessary to
achieve the maximum rate of photosynthesis (saturation) provides a valuable
point of reference for comparing species. Since the subject of this review
is concerned more with the response of macrophytes to reduced levels of Tight,
these experiments might appear irrelevant. However, where light is only oc-
casionally Timiting due to shading by high turbidity waters, the competitive
advantage of species with a high photosynthetic efficiency may help to ex-
plain their occurrence. Such conditions might occur in shallow zones of lakes
or normally clear rivers with pulses in turbidity due to storms, dredging,
high runoff, etc. Moreover, it might be proposed that species with high 1ight
saturation correspondingly have Tower photosynthetic rates at low 1ight levels
and higher compensation points than shade adapted species.

The compensation point of light, i.e., where photosynthesis and respira-
tion are in balance, should Timit the Tower depth distribution of a species.
In laboratory and field experiments where compensation points are measured,
they can only approximate depth distributions in nature. This is partly be-
cause experiments are normally of short duration, while under natural condi-
tions plants respond to a seasonal range of 1ight conditions (turbidity, day
length, solar angle, etc.). Furthermore, experiments are normally with active
apical portions of plants and do not reflect respiratory utilization of photo-
synthate by older stem portions and underground parts. There is another pro-
blem with extrapolating low irradiance experiments 1in the laboratory to deep
water conditions. In deep clear lakes, selective light absorption by water
(red region) and by organic compounds (blue region) may be as great a factor
in photosynthesis as reduction in total irradiance (Figure 6). Research ap-
pears to be lacking on this problem for aquatic macrophytes.

A further problem with interpretation of the experiments discussed below
is the lack of consistency among experiments. For example, some workers re-
port light values as illuminescence §1ux or foot candles) while others more
appropriately use irradiance (cal/cmé-hr or peinsteins/mc-sec). The two ex-
pressions are not interconvertable because illuminescence does not take into
account the variation in energy distribution of different spectral regions.
Moreover, there are problems with differences in temperature, light source,
enclosed biomass, and inorganic carbon availability both within and among
experiments. Finally problems are associated with accumulation and utiliza-
tion of oxygen in intercellular spaces (lacunae) of submersed plants (qutman
and Brown, 1967). However, to the extent possible, these experiments will be
discussed as they may relate to macrophyte depth zonation and turbidity toler-
ance. .

Laboratory Experiments

In a series of laboratory experiments, Gessner (1938) determined light
saturation for photosynthesis in six submersed species. Four of the species,
Ceratophyllum demersum, Cabomba aquatica, Hottonia palustris, and Ranunculus
aquatilis, appeared to saturate at approximately 10,000 to 40,900 Tux. This
Tow Tight saturation of C. demersum is in agreement with its high turbidity
tolerance index: (depth maximum to Secchi depth ratio) reported in Table 1.
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The other two species, Elodea crispa and Potamogeton perfoliatus, did not
saturate within the range of 1ight intensities used. It would appear that
particularly for P. perfoliatus light saturation was somewhat above 80,000
lux. This concurs somewhat with the low turbidity tolerance index of Potamo-
geton subsection Perfoliati of Table 1. The photosynthetic curves for
demersum and C. aquatica appear to increase quite rapidly at the lower 11ght
intensities relative to the other species.

Boyd (1975) reported changes in net photosynthesis of 1 g samples with
increasing light intensity. Photosynthesis in three of the species reached
light saturation at about 10,000 Tux (Eleocharis acicularis, Elodea dénsa,
Najas flexilis), while 1ight saturation occurred at 15,000 1lux for ‘Potamogeton
-sp. and 20,000 Tux for Ceratophyllum demersum. None of the species required
more than 9,000 Tux for 50 percent of maximum photosynthesis. These results
are in general agreement with those of Gessner (1938) except for the two spe-
cies that he reported which did not reach maximal photsynthesis.

Comparative photosynthetic rates for four spec1es of submersed plants
reported by Van et al. (1976) did ngt d1ffer greatly in irradiance required
for saturation (600-700 peinstein/m“-sec), but light compensation points dif-
fered substant1a]1¥ The compensation po1nt for‘Hydri1]a'VéktiCi]]a;§ was
Towest, at 15 1£/m“sec, Cambomba caroliniana was highest at 55 uE/m".sec,
while Myriophyllum spicatum and CeratophyTlum demersum were intermediate at
35 pE/m'sec. Even though H. verticillata and C. demersum had high to medium
tolerances, respectively, to low light levels, their maximal photosynthetic
rates were higher than the other two species per unit of chlorophyll content.
It would appear then that some species are adapted to a wide range of light
conditions, being able to tolerate quite Tow levels of 1ight and have high
photosynthetic capacities at high 1ight levels. Since H. vérticillata exhi-
bits this capability, this would explain its rapid biomass production under
favorable Tight conditions as well as its large standing crops where self
shading is high (Nall and Schardt, 1978). Carr (1969a, b) also characterized
C. demersum as a shade plant, being adapted to low Tlevels and saturating at
about 40,000 lux in flasks and about 15,000 Tux under artifical stream condi-
tions. She observed maximum photosynthesis in plants collected from 5 m
depth in Lake Ohakuri, New Zealand, where 1ight intensity was about 2 percent
of surface. However, Meyer and Heritage (1941) found this species to have
maximum photosynthesis at the surface of Lake Erie. As Carr (1969b) pointed
out, this may have been a result of using only plants collected from the sur-
face rather than incubating them at light intensities at the depth from
which they were collected. Further evidence for shade adaptation of Cerato-
phyllum demeérsum relative to other species was reported by Guilizzon (1977)
for %ake Wingra, Wisconsin. Satgrat1on of photosynthesis occurred at 250
E/m"+sec compared with 800 E/m“-sec for Myriophyllum spicatum.

It is uncertain to what extent these short term (usually < 1 hour) lab-
oratory experiments, in which dissolved oxygen production rates are measured,
are comparable to longer term studies in which growth is measured by increases
in length or biomass. For example, Blackburn et al. (1961) reported that
‘Elodea densa (Planch) Caspary has a low light requirement and that long-term
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growth (12 weeks under fluorescent lamps) was optimum at about 100 foot can-
dles. Above 125 foot candles rapid chlorosis and death occurred. In com-
parison, Heterarthera dubia had a high light requirement with optimum inten-
sity at 590 foot candles. Long-term studies would appear to take into account
differing abilities of species to adapt to light intensities.

A fundamental difference in response to light saturation by sun leaves
(acclimated under high 1ight intensity) and shade leaves was reported by
Gessner (1938) for several species of submersed macrophytes. Proserpinaca
palustris, Elodea crispa, and Potamogeton densus all showed light saturation
at about 40,000 Tux or less, while the sun leaves continued to show a near
linear photosynthetic response to increasing light above that .level. Simi-
larly, the emergent leaf form of the heterophyllous Prosérpinaca palustris
saturated at higher light levels than the submersed Teaf form. This Suggests
that not only are there inherent differences in 1ight saturation levels among
species, but that there is considerable plasticity within a species depending
on exposure to 1light conditions prior to experimentation.

This problem was addressed by Spence and Chrystal (1970a,b) who showed
that some Potamogeton species had a greater reduction in photosynthesis with
reduced irradiance than others. There was a tendency for these species to
be restricted to the more shallow zones of Takes, and thus be less shade tole-
rant, than the ones that underwent less reduction in photosynthesis. The
mechanism for the adaptation of shade species appeared to be related to lower
leaf respiration and reduced thickness under low light conditions. These fea-
tures allow net photosynthesis to continue under Tow irradiance. In contrast,
the thicker leaves of sun species were more efficient at higher irradiances.

Otto and Enger (1960) maintained submersed plants (Potamogeton pectina-
tus, P. nodosus, Elodea canadensis) in tanks with varying concentrations of
suspended sediment. Growth reductions relative to controls were 20 to 40 per-
cent for sediment concentrations of 50 ppm. The amount of growth reduction
was approximately linear with increasing sediment concentrations up to about
1,250 ppm. Abnormalities in growth at higher concentrations over the 4-week
growth period included elongation of stem internodes and chlorosis of stems
and basal submersed leaves. Potamogeton pectinatus appeared to be less tole-
rant to suspended sediments than the other two species and the authors attri-
bute this to its lower leaf area. This does not agree with field observations
(Table 1, Figure 7) which show it to be reasonably turbidity tolerant.

This research is of interest because it is the only known study in which
suspended sediment concentrations have been manipulated to observe growth
responses of submersed vascular plants. However, the authors conclude that
"Sediment concentrations greater than 1,250 ppm would be necessary to cause
plant growth reductions that might be considered critical to the plants'
ability to survive." This statement should not be taken out of the context
of the experiments conducted and applied to field conditions. First, the
plants were growing in only about 60 cm of water and the results may apply
only to shallow water conditions. Secondly, and probably more importanyly,
many natural stands of submersed vascular plants may be living near their
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limit of tolerance owing to physical, chemical, and biological factors discus-
sed previously. Additional 1ight reduction due to turbidity, even at the low-
est levels of suspended sediment used in these experiments (50 ppm), may ex-
ceed the threshold of tolerance for plant communities already subjected to
other stress factors.

Field Studies

Few field studies have been conducted to determine photosynthetic and
growth responses to light. Because of the problems discussed above as well
as changing Tight conditions within the course of a day or season, such experi-
ments are difficult to interpret and extrapolate to field observations of
plant distribution. However, they may have some value in a relative sense
when several species are compared. For example, Meyer et al. (1943) determined
the compensation depth for shoot tips of several submersed species in Lake
Erie. Compensation light intensity was approximately .1.percent of the inten-
sity measured at 5 cm depth for Elodea canadensis, Potamogeton. vichardsonii,
Vallisneria americana and Heteranthera dubia. The value for Najas flexilis
was somewhat higher at 2.6 percent.

Photosynthesis and respiration in submersed species were studied in de-
tail by Ikusima (1965, 1966, 1967). He showed that photosynthesis decreased
progressively from the upper part to the basal parts of community of Potamo-
geton crispus and Vallisneria asiatica Miki, but that respiration was fairly
constant throughout (Ikusima, 1965). Photosynthesis in Vallisneria deriseser-
rulata Makino beds varied considerably from day to day depending on whether
the weather was clear, cloudy, or rainy (Ikusima, 1966). As expected, the
compensation depth may vary from hour to hour during the day even though the
light compensation point of the plants may remain constant. Monthly diffe-
rences occurred as well (Ikusima, 1967). Interception of light by apical
portions of shoots, which reduces considerably the rate of photosynthesis of
lower portions, results in a large respiratory demand where biomass is general-
ly largest. Communities during overcast or-rainy days may even have a negative
net organic matter budget.

The results of the laboratory experiments and field studies cited above
demonstrate a number of problems in interpreting instantaneous measurements of
photosynthesis. Species can be ranked according to their capacity for photo-
synthesis at light saturation intensities, which may be indicative of their
success in competition if 1ight saturation intensithS\pgxgist under field
conditions. However, distribution and abundance of aquatic-macrophytes in
nature reflects the totality of the forcing functions that affect macrophyte
growth, of which light is just one. ’
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RESPONSES OF SUBMERSED PLANTS TO ECOSYSTEM CHANGE

COMMUNITY RESPONSES TO
THE DURATION OF PERTURBATION

Factors affecting the growth and distribution of submersed plants have
been discussed. In this section one example of short term and one of long
temm fluctuations in macrophyte community structure as related to natural and
anthropogenic stresses will be considered. Short term changes described in
the literature are often related to a single perturbation with observations
before and after the event. The observation period may vary from weeks as for
the study by Bilby (1977) of changes in cover and areal distribution of plants
folTowing a stream spate to several years as for changes in macrophyte commu-
nities in the Currituck Sound of North Carolina (Davis, in preparation). On
the other hand, some lakes in the northern U.S.A. have been studied sporadical-
ly fgr over a half century as for the Iowa Great Lakes (Crum and Bachmann,
1973).

\

Compared with responses of submersed plants to short term perturbations
which are usually associated with increased suspended sediment loads in the
water, long term changes in plant responses generally are harder to relate to
specific environmental changes. Although changes in parameters with time,
such as water transparencies, have been found during Tong term studies, short
term changes associated with meteorological conditions and human activities
such as dredging may be generally more important in effecting changes in sub-
mersed plant populations.

Short Term Perturbations

The observations of Steenis (1947) of the decimation of submersed macro-
phytes in Reelfoot Lake, Tennessee, following heavy rains in June 1945 repre-
sent changes which may occur following a single perturbation. The water level
rose and extensive siltation resulted from erosion of hills around the lake.
Steenis' observations are summarized in Table 2. (Ceratophyllum demérsum was
the dominant submersed plant before the rains, but 1t appeared to succumb to
increased turbidity and wind action that resulted from increased fetch as the
water level rose. Lind and Cottam (1969) reported that C. demersum in Univer-
sity Bay of Lake Mendota, Wisconsin, "anchors poorly" in the sediment and was
restricted to areas of low turbulence. Potamogeton pectinatus remained fairly
abundant in places through 1945, but was Timited in part by feeding activities
of carp and competition with filamentous algae. In 1946 growth of P. pectinatus

35



abueys 1noyirm panuLiuo)

paJR |BUOL]
-Lppe ue ut yamoub maN

BuLaanodsa LmoLs auam
POALAUNS peY ey} sjue(d

9)e| 404 SLUDI]S
Aq paA4asSqo udA3 spuels
3sebue] ¢axe| ayl 40
yonhw uL speq jueLanxni

PLOJ-0T 3Nnoge paseaddul
‘Yyamoub BurysiLxa Jo sjodg

J99uU0Ld pue 9ALS
~-uedxs fyaMoub DALSUDIXT

stsuadniepenbt N ueyl

30e8q 38§

oeb|e

YyaLm BULABAODUDAO pue uaLjoe
duaed Aq »oeq 313s NG eaue
dUO uLr juepunge A[Aley <ajel
40 yonw up 9dJ4eds ©paualzleds

pajnqLaisipad
K13ybL S pue oeq 195 <dje|
J0 yonw up sdueds ¢pauajzjess

el
40 Yyonw uL aosuaeds €poaualjzeds

SPaJR pIJeuLwop eusApe
Jeydny moppeys uL Apurep

esJe QU0 SpajLwLl]

seaJde OM3 ¢pajLuwL]

_ F-FIWENT:
*d ueyy abued Jszeaub
$Spaq | LBWS poUad11ed§

Spaq [Lews padalleds

seade pajLwi] ul ymoub
Aaejudubeay passauaddng

UOSEIS UL 493B| WNSJBWSP

sLARDNA
eLJde [NoLJ3n

eueuL [04©D
equoqe)

eLgnp
ed3yjuedalay

snjeutjoad
uo3abouelog

snsopou
uojabouwejog

staasnied
eL[ [oydluue7

anLssadbbe suow ¢seade e "9 AQ pajeurwop 3Inq snprrsnd

BUWI0S UL J4DA0D BALSUDIX] 40 yonw ur 3sd4eds “paualrzeds SE9JE JWOS UL Juaward uozabouelogd

seade el WNSASBWaP *9 UL Yamoub sLsuadn|epenb

SWOS UL ADAO0D 3ALSUDIX]T J0 yonw up aouaeds ‘pasalleds . passauddns pue pajLwL] sefeN

Burjeutwop uiebe jo SPBJR paJd1[dYS UL Spag aALS spuels  WnsJawap

subLs a3LuLjap burmoys -U931Xd BwWos ing “Auejuawbeu aand Auew ©jueutwoq wn | [Aydojeda)
9t61 Gv61 Jsuwng Gv61 °40499 $9L0adS

(/Y6T ©SLUD9]S) 99SSUUD] 3T 2004133y UL suoLje|ndogd

93Aydouaoe}y pasdsawgng ut sabueys

"¢ dlqel

36



was more luxuriant and widespread than. Steenis had ever observed before. Ac-
celerated growth of Najas gquadalupensis and P. pusillus also occurred in some
regions of the lake in 1946. Potamogeton pusillus was described as the more
aggressive of the two. Ceratophyllum demersum came back strongly in the year
following the rains while there was a dramatic growth and spread of Zannichel-
Tia palustris. Here then, virtual elimination of the dominant species led to
changing niches with rapid recovery and increase in macrophyte diversity.

Other short term changes in species composition and/or biomass have been
reported for a shallow pond (Stuckey, 1971), a shallow flood plain {Jackson
and Starrett, 1959), a lake (Oglesby et al., 1976), and a resevoir (Peltier
and Welch, 1970). In all of these cases an increase in suspended sediment
turbidity resulted from changing environmental conditions.

Long Term Perturbations

Perhaps the most significant study of long term changes in submersed
macrophyte populations was that by Crum and Bachmann (1973) of lakes of the
Iowa Great Lakes region. They took advantage of an excellent opportunity to
compare the submersed macrophytes in six essentially contiguous lakes which
now have varying trophic states. The time element was added to their analy-
sis through reference to three other studies, the first of which was in 1894.
Depth distributions of submersed macrophytes given by Crum and Bachmann are
included in Figure 7. These data were especially valuable in establishing
relationships at the low end of the Secchi depth scale for several individual
species (Figure 8).

At the time of the study in 1972, some of the northern potamogetons re-
mained in Lake West Okoboji (4.2 m Secchi depth) and Big Spirit Lake (2.8 m
Secchi depth) while none were in the more turbid Takes (0.7 to 1.6 m Secchi
depth range) (Table 3). Generally, the species remaining in the more turbid
Takes were those which have been established as turbidity tolerant (Table 1);
however, these same species also were found in the clearer lakes. These
observations suggest that the northern potamogetons are sensitive to turbidity
and associated changes while plants that are turbidity tolerant may thrive
under a variety of conditions.

The initial invasion of the clearest lake by Potamogeton crispus is sur-
prising since it often grows in disturbed or eutrophic systems. Migration to
the other lakes might be expected in the future. The presence of Ruppia mari-
tima in only one lake is also of interest. Since this species is normally
found in saline environments (cf. Metcalf, 1931), a comparison of salinities
of these lakes would be of interest. Indeed, further analyses of physical and
biological parameters that might affect the distribution of submersed macro-
phytes seems warranted.

Based on a study in which macrophytes of Lake East Okoboji were compared
with a 1915 survey, Volker and Smith (1965) suggested a number of factors res-
ponsible for the observed changes. These include nutrient enrichment from
agricultural runoff and from sewage leading to algal blooms, siltation from
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agriculture, the use of algicides, depletion of dissolved oxygen, and fluctua-
tions in water level. Crum and Bachmann (1973) suggested that stabilization
of water levels in some of the Takes may have led to the demise of certain
submersed macrophytes. The possible effects of herbicides in areas of intense
agriculture might also be considered (Correll et al., 1978).

Long term changes in submersed plants for other systems are summarized in
Table 3. Environmental degradation associated with shoreline development and
intense use of waterways in and around Put-in-Bay Harbor on an island in Lake
Erie, Ohio, led to a drastic decrease in macrophyte presence and density over
70 years (Stuckey, 1971). Changes in the submersed macrophyte community over
the period described by Stuckey did not begin with a pristine environment
which gradually deteriorated due to human activities. Poor agricultural prac-
tices on the island apparently contributed to a heavy suspended sediment load
in the study area from the beginning of the studies (Thorndale, 1898 as cited
in Stuckey, 1971). Stuckey cites Pieters (1901) as reporting that in 1898 it
was impossible to see plants in one area deeper than around 0.6-0.9 m due to
turbidity. Stuckey suggested that the demise of the plants over time was re-
lated to a combination of warming of the water, increased turbidity and de-
creased dissolved oxygen. Increased turbulence due to extensive bulkheading
along the shore could also have been a factor. In the Pamlico River, North
Carolina, submersed macrophytes were usually limited to a narrow band in the
deeper part of the Tittoral where bulkheading was extensive (Davis and
Brinson, 1976). _

Lind and Cottam (1969) studied the submersed macrophytes of University
Bay of Lake Mendota, Wisconsin 1in 1966 and compared their results with those
of surveys made by Denniston (1921), Rickett (1922), and others. Compared
with Rickett's data, they found that the biomass of. Myriophyllum exalbescens
(or perhaps M. spicatum) had increased drastically while that of Vallisneria
americana decreased and Ceratophyllum demersum increased (Table 3]. Lind
and Cottam (1969) suggested that eutrophication caused the changes observed
in University Bay. »

Bumby (1977) compared the submersed macrophyte biomass and distribution
in Green Lake, Wisconsin, in 1971-1974 with that in 1921 (Rickett, 1924). As
for University Bay (Lind and Cottam, 1969), Myriophyllum (M. spicatum) had
become dominant, but relative biomass (46 percent) was not as great as for
M. exalbescens in University Bay. Secchi depths were not given, but Bumby
suggested that there had been no change measured in light transmission since
1942. However, decreased light due to suspended sediments and seston in the
Tittoral and the abundance of the filamentous alga, Cladophora sp., were sug-
gested as possible factors affecting the observed changes.

Lake Wingra is yet another Wisconsin lake in which Myriophyllum has be-
come dominant (Nichols and Mori, 1971). The relative frequency of M. spica-
tum was 68 percent and no other submersed species had a relative frequency
of over 10 percent. The authors suggested that the lake was once dominated
by potamogetons and Vallisneria americana. The species found in 1968-1969
were much the same as described for the other Wisconsin lakes (Table 3).
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Vallisneria americana and northern potamogetons had disappeared by 1929, as
determined by a herbarium survey. Carp were introduced in the late 1800's

and practically eliminated submersed macrophytes from the lake from the 1920's
through 1955 (Baumann et al., 1974). The demise of V. amévicana was associated
with the carp infestation, apparently due to increased Turbidity.

A1l the long-termed changes described thus far are for northern lakes
which apparently had no rosulate populations typical of sandy, shallow areas
of some northem oligotrophic lakes. Flora of such lakes has been reported
for northern Wisconsin (i.e. Steenis, 1932; Wilson, 1935; Potzger and Van
Engel, 1942), New Hampshire (Moeller, 1975), Scottish Lochs (Spence, 1967)
and English Lakes (i.e., Pearsall, 1920) as well as other northem European
countries (Hutchinson, 1975). ‘

Hutchinson (1975) suggested that the oligotrophic Weber Lake in northem
Wisconsin had the simplest known macrophyte community for northern lakes of
moderate altitudes and latitudes. Potzger and Van Engel (1942) found that
all species growing in Weber Lake were basically rooted in sandy sediments v
and suggested that growth of smaller plants (eight of nine species found) in
deeper waters was restricted by a cover of organic sediments. Even in the
observed depth ranges, Myriophyllum tenellum and Isoetes macrospora Dur. were
frequently etiolated up to near the tips due to sediment cover. Other low
growing species included Elatine minima, Eriocaulon septangulare, Juncus pel-

"Eelwa d

. :
ocarpus f. submersus, Gratiola lutea f. pusilla and Lo ortmanna.

In comparing three northerm Wisconsin lakes of varying trophic states,
Wilson (1935) found that most of the rosulate forms were not present in the
eutrophic lake. In the other lakes they were present in only trace amounts.
Some of the northern potamogetons were present at very low relative biomasses
ghere Najas flexilis was dominant with Potamogeton richardsonii a weak Sub-

ominant.

From 1821 through 1894, several rosulate forms disappeared from Loch
Leven, now eutrophic (Jupp et al., 1974). Several of the species described
. here as northern potamogetons were present, but had disappeared by 1910. By
1966 Ceratophyllum demersum and perhaps Myriophyllum spicatum had disappeared.
Potamogeton pectinatus and Zannichellia palustris were adventive by 1959 and
P. crispus was first reported in 1966,

To summarize the Tong-term changes in submersed macrophyte communities
described above, a survival index has been developed for plants of the north-
emn lakes of Table 3 (Lake West Okoboji and Big Spirit Lake were omitted since
there was comparatively little change in submersed species). This is simply
a ratio of the number of lakes in which a species was reported in earlier
surveys to the number of lakes in which the species was present when last
studied. The survival index was calculated for species which were originally
found in three or more of the lakes. As for the turbidity tolerance index,
other factors in addition to an increase in turbidity surely played a part
in changes in plant populations observed. Survival indices calculated and
turbidity tolerance indices from Table 2 are:
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Turbidity
Survival Index ‘Tolerance Index

Ceratophyllum demersum 1.0 2.8
Potamogeton pectinatus 1.0 2.0
P. richardsonii 5. s. Perfoliati) 1.0 1.5
Zannichellia palustris 1.0
Elodea canadensis 0.8 1.1
Heteranthera dubia 0.8
Vallisneria americana 0.8 2.4
Najas flexilis 0.7 1.7
Potamogeton zosteriformis 0.6
P. foliosus 0.3
P. gramineus 0.3
P. natans 0.3
P. amplifolius 0.2
P. nodosus 0.0
P. praelongus 0.0 0.0

The tabulation of the survival indices merely emphasizes what is apparent
in Table 3, The more cosmopolitan species tend to remain with ecosystem
change while the northern potamogetons tend to disappear. As would be expect-
ed, there is a tendency toward a positive correlation between the survival
index and the turbidity tolerance index.

CATEGORIES OF SPECIES BASED
ON RESISTANCE TO ECOSYSTEM ALTERATION

An arbitrary grouping of submersed macrophytes based on their tendency
to decrease in biomass or disappear with increasing alteration of ecosystems
has been developed. Ecosystem alteration can be caused by a number of fac-
tors, but the net result is usually an increase in water turbidity. Five
categories ranked roughly in order of increasing resistance to change are sug-
gested as follows: '

1. Rosulate species found mainly in northern lakes.
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2. Northern potamogetons.

3. Tolerant species normally with low biomass in disturbed systems.
These species may have relatively high biomass in pristine systems.

4. Tolerant species normally dominant or subdominant in disturbed sys-
tems.

5. Adventive species that appear in disturbed systems and may be domi-
nant to rare.

Rosulate Species

Significant mixed rosulate populations appear to be restricted to oligo-
trophic northern lakes. Their absence elsewhere may be associated with fac-
tors related to increasing conductivity of the waters (Moyle, 1945) or, as
Potzger and Van Engel (1942) suggested, increasing accumulations of finer
sediments. Wilson (1935) said that several rosulate species should be con-
sidered terrestrial plants which "go aquatic" with submergence due to rising
water level. These are normally small plants found in shallow waters and
maximum depth distribution correlates poorly with Secchi depth (Figures 7 and
8). Myriophyllum tenellum, when present, is often included in rosulate popu-
lations since it is usually found with the rosulate species. Some of the
rosulate species are:

Elatine minima Isoetes macrocarpa
Eleocharis acicularis Littorella americana
E. palustris Lobelia dortmanna
Eriocaulon septangulare Myriophy1lum tenellum

Gratiola aurea f. pusilla

Northem Potamogetons

There is a preponderance of evidence that the potamogetons which are re-
stricted to or are most widely distributed in northem areas do not survive
the long-term changes that lead to eutrophication. Based primarily on the
studies of the northern lakes, the potamogetons most sensitive to increasing
eutrophication are:

Potamogeton amplifolius . P. natans

P. foliosus P. nodosus

P. gramineus ~ P. praelongus

P. illinojensis P. zosteriformis
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Of these species probably only P. foliosus can be considered truly cosmopoli-
tan in distribution.

Potamogeton gramineus is one of the most sensitive of the northern pota-
mogetons to ecosystem change. Stuckey (1971) cited Pieters (1901) as finding
this species in 1898 in Put-in-Bay only on a bar where presumably the sedi-
ments were sandy and the water was shallow. 1In comparing three northern
Wisconsin lakes, Wilson (1935) concluded that the comparatively low biomass
of P. gramineus found in the most eutrophic lake was related to the greater
accumulation of organic soils there. Wilson suggested that this species is
a colonizer of pr1m1t1ve soils and disappears as the system develops. Bumby
(1977) found P, gramineus outside her transects in Green Lake, Wisconsin 1in
1971, but was unabTe to find it again through 1973. Of the northern potamo-
getons, Potamogeton zosteriformis survives best. Just as the disappearance
of P. gramineus is an indicator of early ecosystem changes, the continued
presence of P. zosteriformis as other northern potamogetons disappear is an
indication of further ecosystem change.

Tolerant Species Normally with
Low Biomass 1n Disturbed Systems

Any species may be dominant in a part of a system or throughout the sys-
tem depending on the conditions. However, for the systems reviewed here,
there are some species which are resistant to ecosystem changes relating to
decreased water transparency but which are commonly minor components of the
systems. The species are:

Elodea canadensis Potamogeton pusilius
Heteranthera dubia P. richardsonii
Najas flexilis ' Zannichellia palustris

Except for Najas flexilis which tends to have a northem distribution and Pota-
mogeton richardsonii which belongs to a subsection (Perfoliati) which extends
southward, the species in this group are widely distributed.

Tolerant Species Normally Dominant
or Subdominant in Disturbed Systems

A few native species tend to maintain relatively high biomass in dis-
turbed systems. These include:

Ceratophy 1lum demersum Po tamogeton perfoliatus
var. bupTeuroides
Najas guadalupensis ‘Vallisneria ameéricana

Ceratophyllum demersum and Potamogéton pectinatus are widespread, Vallisneria
americana extends from south to north with rather spotty distribution, P.
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perfoliatus var. bupleuroides forms the southern extension of the subsection
Perfoliati and Najas guadalupénsis is the southern counterpart of N. flexilis.

Potamogeton pectinatus is probab1y the most widespread and abundant of
all North American submersed species. In the 1930's this species was the
most important of the potamogetons as a food source of game ducks. Potamogetons
as a group were the most important waterfowl food in six of the eight North
American regions described by Martin and Uhler (1939). Only in two areas, the
lower Mississippi and Gulf Coast regions, were other species of greater impor-
tance. The most used species there were Cyperus esculentus L. and Ruppia
maritima, respectively. The resistance of P. pectinatus to suspended sediment
loads and short and long-term ecosystem changes for the most part is consis-
tent with the widespread abundance and importance of this species.

Adventive Species

As is now apparent Myriophy1lum spicatum has spread in the past quarter
century to many areas in the United States and Canada where infestations often
cause problems in human uses of lakes, streams, and reservoirs. As reviewed
by Davis and Steenis (1973) intertwining mats of M. spicatum may adversely
affect swimming, boating and various types of fishing.” Quiescent waters in
beds of M. spicatum may be conducive to breeding of mosquitos and decay1ng
plants in windrows along the shore often cause obnoxious odors. There is con-
fusion in d1st1ngu1sh1ng between M. spicatum and M. exalbescens but M. spica-
tum is Tikely the species involved in irruptions.

Observations in the Chesapeake Bay reg1on (Steenis, 1970; Steenis et al.,
1971) and Currituck Sound-Back Bay (Davis, in preparation) indicate that
Myriophy1lum spicatum is susceptible at least to short-term perturbations of
the ecosystem. Reestablishment of the species as the dominant is highly var-
iable and may not occur for many years.

Potamogeton crispus is another widespread adventive, especially in the
northern region. This species is well established as an invader of eutrophic
or disturbed waters, but in the Chesapeake Bay area it fluctuates widely with
changing conditions (Steenis et al., 1971). Potamogeton crispus became a
strong dominant in an Indiana lake and measures were taken to control it
(McIntosh et al., 1978).
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EFFECTS OF ENVIRONMENTAL ALTERATIONS ON
SUBMERSED AQUATIC PLANTS

This section is intended to provide a better understanding of why reduc-
tions in submersed macrophytes occur and how specific environmental altera-
tions may affect submersed plants. It should be emphasized at the outset
that the capacity to predict changes in macrophyte communities due to natural
or human induced environmental alterations is quite low. However, the exam-
ples of long term and short term changes in macrophyte communities just des-
cribed show that some generalizations can be made that may allow some predic-
tive capacity. Where natural episodes are responsible for changes, efforts
toward conservation and management of submersed plant communities are not us-
ually applicable. Thus management efforts must be directed toward human in-
duced environmental changes. The condition of "overabundance" of aquatic
macrophytes that may result from environmental manipulation or from invasion
of adventive species will not be considered.

Since reduction in abundance of submersed plants can result from an
array of factors, it would be instructive to examine how the forcing functions
that cause these changes affect macrophyte communities. The diagram in Figure
9 is a conceptual model that separates these forces into three categories:
light attenuation, toxicity, and biomass removal. Some of these may result in
Tong term and others in short term changes of submersed plant communities.
Light attenuation due to suspended sediments and eutrophication acts by re-
ducing the energy available for photosynthesis. For suspended sediments, this
may be either short term, as in the case of storms or floods, or long term,
where the source of suspended sediments persists. Eutrophication is generally
a long term effect since nutrient levels in aquatic ecosystems can persist
long after the source of these nutrients are eliminated. Sediments of aquatic
ecosystems often have a high capacity for storing elements critical to plank-
ton growth and may continue to supply these nutrients to the water column af-
ter inputs to the system cease.

Toxicity due to herbicides, heavy metals, and other toxic substances acts
by altering the metabolism of plants (Figure 9). The affinity of herbicides
for small particles may result in the accumulation of these substances in the
sediments as previously discussed, and effects may persist for long periods
depending on the stability of the compounds in the enviromnment and whether
degradation products are also toxic.
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Figure 9. Conceptual model illustrating the effects of environmental forces
on submersed aguatic macrophyte communities. These forces (circles) are se-
parated into three categories of stress: 1light attenuation, toxicity, and
biomass removal. Lines represent pathways of energy flow and bold arrows may
either reduce flow (indicated by "-" sign) or accelerate flow. Thus all bold
arrows represent stress on the macrophyte community, except for the one indi-

<(:at1'n§ a positive feedback of macrophyte reproduction. Symbols after Odum
1971).
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Environmental factors resulting in biomass removal (Figure 9) are gene-
rally short term so Tong as the reproduction of aquatic plants is not impair-
ed. Of these, only burial by sedimentaiton would normally be induced by
human activities, such as dredging and instream mining, while the others are
not amenable to control. Damage to macrophyte communities by the simultan-
eous occurrence of more than one stress should also be considered as a possi-
bility.

With this model as a basis for understanding stresses on submersed plants,
the separation of factors due to human and natural forces is facilitated. The
management of submersed plants in relation to anthropogenic influences is con-
founded by a spectrum of problems associated with many variables such as the
soil types which are disturbed (including aquasoils), the nature of the aqua-
tic system (lotic vs. lentic, etc.) and the nature, time, and duration of the
activity generating the pollution. The resiliency of the submersed macrophyte
system under stress will be related to the ecological tolerance of the spec-
ies present. For example, northern potamogetons are very sensitive to stress-
es associated with increased suspended sediments. As discussed in other sec-
tions, Tong term stresses may result in a greatly altered communities where
exotic species often dominate. Under extreme stress by one factor or a multi-
plicity of several stresses, macrophyte communities may cease to exist.

Examples of human activities which may adversely affect natural systems
and their possible effects on submersed plant populations are given in Table
4 along with possible plant community responses. These pertubations are a
function of the stress factors discussed for Figure 9. Literature reviews
relating to the effects of suspended sediments and sedimentation on aquatic
organisms include Cordone and Kelley (1961), Hynes (1970), Baxter (1977),-
Morton (1977), Sorensen et al. (1977), and Stem and Stickle (1978). Esti-
mates of the magnitude of pollution of aquatic ecosystems given in Table 4
were compiled mainly from information in these reviews. However, little in-
formation on the impact of changes in aquatic systems affecting submersed
plants was presented. This paucity of research relating to clearcut examples
of the effects of human activities on submersed plant communities is evident
in this review as in others dealing with submersed plants (i.e., Spence, 1967;
Westlake, 1968; Westlake, 1973; Wetzel and Hough, 1973). Evidence that long
term environmental degradation associated with agricultural and urban po]]u-
tion contributed to loss of many submersed species was given in a previous
section. Some other examples of community response to stress are cited in
Table 4.

48



(penuL3uod)

wn Lpal ybLH ybLH ubLH SU91EM UMO3S
SLX03 2JB SIUBWLPIS
ssajun ajqrssod A3Lunuw
-W0D ISUDALP SO AUBA0IDY yb1LH (3uswieaqy
oha.m.cowusp_oa ueqJn jo . 0} A4epuodas)
s[@Aa] ybLy aALALNS Aeuw Mo Mo yb1LH MO SA91eM d]SeM
snieulidad uojlabowelod
se yodns saLoads M) y (@3eydsoyd €-g-L)
yoLd JuaLdqnu
ubLH MOT aJde s|Los JL ybLH ybLH uoL32NnJ43sU0)
, uequf
S3USWLPas
$93NQLA2UOD pagpeOL speod
pue sdyosjLp JO UOLSOUT ybLH MO MO ybLH buLbbo
JDA0D pash jou
punoub jo jJuswysl|gelsasd SOpPLOLQudY wA23 2J40YS BuLgand
Yyilm paledot [auwe 1oedutt alqeLJep 4L MO7  Wwa93 Bbuoi uo mo7 uo ybiy R1-CT ]
quauw
-yslL|qe3sa a3Lydosoew 03
SALONPUOY 8Q Aew uoLie] Jsandey
~1LlS SNONULIUOD | BAd] MO MO MO MO Mo 9AL100195
QUNY|NILALLS
wni (Aydoleasad unwalsopod quaLpedb squau
Ll sw40y 404 [gtssod weaJdsumop e ut -1pas paq
9q Aew |eLANG 49F4e  SJUBWLPIS ISUAROD sjuawLpas paq uo uo buipuad
JudwysL|qe3saaa pajtwt]  Aq patung sjueld MOT Buipuadop saLJep -9p SatJdep  buLutw weaajsug
AousLLsay A7Lunuwo) uoLjeluaWELpas A31o1%0] :owpmuchOLpsu squawLpas uoLjesal |y
papuadsng Le7uUdiUoA LAUT

$709343 91q1Lss04

qJuUe|4 pasJauqng U0 UCL]RUd}]Y [PIUBWUOALAUI JO SAdA] SNOLJBA JO SID9443 dY3 JO uoLlen|eAl

S3L7 LUnuiio)

‘b alqel

49



*SAANP320Ad |04 UCD
pue poyisw Bururw 03
BuLpaodoe Auea s3083313

3 3UBWYOdLAUD JudLJLINU Aq
padueyua aq ALew parang
j0u sjue|d pasaawqns

40 yamoub juanbasqnsg

.mo:m:wp:wms
Lauueyd p:ompws alqLssod
wWo3sAs |eaqneu Jo A4d
-A0294 |[enpedab Spaseaudul
$S343s ajeds 3ng yamoub
jue|d paseaadulr 03 8ALD
~npuod bulpeys paseadds]

‘pagpeod JO S$303449
Jwep, 03 anp abueys Aeuw
je3Lqey oLjenby  uoll
~@]1[LS BWIIIXS JO seade
ur 1dadsxa paldadxs AU3A0D
-ad AJLUnWWOd Y3jLm uoLani
-10od jo as|nd wual wnLpay

uorjestidde JdLaysl

wodJ palodadxe 8q p[noM
waysAs oizenbe Jo Auano
-Jad |eLjuelsqns ¢sanbLu
-yo91 juswabeuew a|ge|Le
-A® 1530 Y3ILMm paziwiulw
8q PLNOM $308440 DSADAPY

9lqeLuaep slqetaep

sanb
-Luyoel |esod U3 uU0d
-SLp jtods uo pUICTTRETS

BuLpuadasp saLaep

UILM SBLURA

a[qetaep

ybLy

algeLaep

Y61LH UbLH

(panutjuod)

algeLdep  dlqeLaep
(pazt (ed0]|

pue wua)

ub Ly oys) ybiy

yb L4 ybLH

YoLd 3Jud
-L43nhu aJe s|LOS
buLpods 41 ybLH

ybLH ubLH

buruLw
aaoysaeay

S |auueyd
uoLjebraeu
40 Buibpauqg

uoLjezi|auueyd

weau3s

UOL39NU35SU0D peoYy

24N NoLuby

AouaL [LSaY A3 Lunuwo)

uoLjeluswLpas  A3LoLXo}

uotjedtydoainy  sjuswipag

papuadsrg

$108433 91915504

uoL3eaanty
eI UBWUOL LAUT

(panutiuo))

‘v 8lqel

50



(9£61) uosulag pue SLAeQfg
(0L61) saufy,

(€961) wnppg

(G/61) 423Y,0p

(8461) >BwWLzQ)

(8461) uwe|seHq

(ee61) 48y23ng,

Ymoub

40} 9ALONPUOD SULOJLD
pue saL333( jJo 8pls

3| ptusawYSL|qeIsd

-94 3dnpad Aew speay|iynq
wous ABusus aAeM 4dybLH

+.ao~m>mu few spag jue(d

alqeLaep MO MO

ALl
e[ uL uoLy

SuLodb
Mo  ‘sarjjal ‘pesyying

SALSU3]X] "34anp3doud -3|dep uatraznu
abuaeydsLp uo spuadag Mo Mo A0S $SILUABA ubty weadu3sumoq
‘UMOpMERUP 40
A3Lotpotaad pue juslxa se
LLSM Se jedolll] JO Y3Ipim
uo spuadsp sjueld pas SUBALJ JO
-J42WgNS JO Jusuysti|gelsy yanow e ybLH MO dlqeLdep ybtH (9ye|) weadgsdn
squawpunoduwt
pue sueq
AJUdL | 1S3y A3Lunuwo) uorjejuawLpas  A3LOLXO] uotzeaLydoainy  SJUSBWLPIS UOLRADL LY
papuadsng [2USWUOL LAUT

$309513 81qLssog

(pepnidouo)) ¥ dLqel

51



REFERENCES

Adams, M.S., J. Titus, and M. McCracken. 1974. Depth distribution of photo-
synthetic activity in a Myriophyllum spicatum community in Lake Wingra.
Limnol, Oceanogr. 19:377-389,

Anderson, M.G. and J.P. Low. 1976. Use of sago pondweed by waterfowl on the
Delta Marsh, Manitoba. J. Wildl. Mgmt. 40:233-242.

Arber, A. 1920. Water Plants. A Study of Agquatic Angiosperms. Cambridge
Univ. Press. 436 pp. (Reprinted 1963 by Hafner Pulb., N.Y.)

Baker, J.P. and J.J. Magnuson. 1976. Limnological responses of Crystal
Lake (Vilas County, Wisconsin) to intensive recreational use, 1924-1973.
Trans. Wisc. Acad. Arts Sci. Lett. 64:47-61.

Baumann, P.C., J.C. Kitchell, J.J. Magnuson, and T.B. Hayes. 1974. Lake
Wingra, 1837-1973: A case history of human impact. Trans. Wisc. Acad.
Arts Sci. Lett. 62:57-94.

Baxter, R.M. 1977. Environmental effects of dams and impoundments. Ann.
Rev., Ecol. Syst. 8:255-283.

Bilby, R. 1977. Effects of a spate on the macrophyte vegetation of a stream
pool. Hydrobiologia 56:109-112.

Blackburn, R.D., J.M. Lawrence, and D.E. Davis. 1961. Effects of light
intensity and quality on the growth of Elodea densa and Heteranthera dubia.
Weed Sci. 9:251-257.

Blackburn, R.D., P.F. White, and L.W. Weldon. 1968. Ecology of submersed
aquatic weeds in south Florida canals. Weed Sci. 16:261-265.

Blackburn, R.D., L.W. Weldon, R.R. Yeo, and T.M. Taylor. 1969. IQentifica-
tion and distribution of similar appearing aquatic weeds in Florida. Hya-
cinth Contr. J. 8:11-21.

Bole, J.B. and J.R. Allan. 1978. Uptake of phosphorus from sediment by
aquatic plants, Myriophyllum spicatum and Hydrilla verticillata. Water
Res. 12:353-358.

Boltt, R.E., B.J. Hill, and A.T. Forbes. 1969. The benthos of some_sou?hern
African lakes. Part I: Distribution of aquatic macrophytes and fish in
Lake Sibayi. Trans. Roy. Soc. S. Afr. 38:241-248.

Bourn, W.S. 1932. Ecological and physiological studies on certain aquatic
angiosperms. Contrib. Boyce Thompson Inst. 4:425-496.

Boyd, C.E. 1975. Competition for light by aquatic plants. Agr. Exp. Sta.
Cir. 215. Auburn Univ. 19 pp.

52



Brinson, M.M. and G.J. Davis. 1976. Primary productivity and mineral cycling
in aquatic macrophyte communities of the Chowan River, North Carolina.
Water Resour. Res. Inst. Univ. North Carolina, Rpt. No. 120, Raleigh. 137
PR.

Brown, W.H. 1913. The relation of the substratum to the growth of Elodea.
Phillipine J. Sci. C. Botany 8:1-20.

Bumby, M.J. 1977. Changes in submersed macrophytes in Green Lake, Wisconsin,
from 1921 to 1971. Trans. Wisc. Acad. Arts Sci. Lett. 65:120-151.

Butcher, R.W. 1933. Studies on the ecology of rivers. I. On the distribu-
tion of macrophytic vegetation in the rivers of Britain. J. Ecol. 21:58-
91. :

Cahoon, W.G. 1953. Commercial carp removal at Lake Mattamuskeet, North
Carolina. J. Wildl. Mgmt. 17:312-317.

Cardone, A.J. and D.W. Kelley. 1961. The influences of inorganic sediment
on the aquatic life of streams. Calif. Fish and Game 47:189-228.

Carr, J.L. 1969a. The primary productivity and physiology of Ceratophyllum
demersum. I. Gross macro primary productivity. Aust. J. Mar. Freshw. Res.
20.115-126.

Carr, J.L. 1969b. The primary productivity and physiology. of Ceratophyllum
demersum. II. Micro primary productivity, pH, and P/R ratio. Aust. J. Mar.
Freshw. Res. 20:127-142.

Christensen, T. and F. Andersen. 1958. De stgrre vandplanter i Furesg,
Furesgunder-sggelser, 1950-1954. Folia Limnol. Scand. 10:114-128. (Cited
in Hutchinson, 1975.)

Cole, G.A. 1975. Textbook of Limnology. C.V. Mosby Co., St. Louis. 283
PP.

Cole, G.A. and W.T. Barry. 1973. Mbntezuma Well, Arizona, as a habitat.
J. Ariz. Acad. Sci. 8:7-13.

Correll, D.L., J.W. Pierce, and T.L. Wu. 1978. Herbicides and submerged
plants in Chesapeake Bay. In: Coastal Zone '78, 2:858-877.

Craig, S.R. 1976. Seasonal development of structure in the macrophytic com-
munities in Lake Opinicon, Ontario. M.S. Thesis, Queens Univ., Kingston,
Ontario, Canada. 104 pp.

Crowder, A.A., J.M. Bristow, M.R. King, and S. Vanderkloet. 1977. Distribu-

tion, seasonality, and biomass of aquatic macrophytes in Lake Opinicon
(Eastern Ontario). Naturaliste Can. 104:441-456.

53



Crum, G.H. and R.W. Bachmann. 1973. Submersed aquatic plants of the Iowa
Great Lakes region. Iowa State J. Res. 48:147-173.

Davis, G.J. and J.H. Steenis. 1973. Eurasian watermilfoil: Problems and
proposed solutions. Friend 0'Wildlife 16:4-5,

Davis, G.J. and M.M. Brinson., 1976. The submersed macrophytes of the Pamlico
River estuary, North Carolina. Water Resour. Res. Inst. Univ. North Caro-
lina, Rpt. No. 112, Raleigh. 202 pp.

Denniston, R.H. 1921. A survey of the larger aquatic plants of Lake Mendota.
Trans. Wisc. Acad. Arts Sci. Lett. 20:495-500.

Denny, P. 1972. Sites of nutrient absorption in aquatic macrophytes. J.
Ecol. 60:819-829.

Denny, P. 1973. Lakes of south-western Uganda. II. Vegetation studies on
Lake Bunyonyi. Freshwater Biol. 3:123-135.

Fassett, N.C. 1957. A Manual of Aquatic Plants, Univ. Wisconsin Press,
Madison, 405 pp.

Ferling, E. 1957. Die Wirkungen des E rhohten hydrostatischen Druckes auf
Wachstum und Differenzierung submerser Bliitenpflanzen. Planta 49:235-270.

Fernald, M.L. 1950. Gray's Manual of Botany. American Book Co., N.Y. 1632
PP-

Gessner, F. 1938. Die Beziehung zwishen Lichtntensitdt und Assimiliation bei
submerser Wasserpflanzen. Jahrb. Wiss. Bot. 86:491-526.

Gessner, F. 1952. Der Druck in seiner Bedeutung fur das wWachstum submerser
Wasserpflanzen. Planta 40:391-397.

Golubic, S. 1963. Hydrostatischer Druck, Licht und submerser Vegetation im
Vrana-See. Int. Revue ges. Hydrobiol. 48:1-7.

Grace, J.B. and L.J. Tilly. 1976. Distribution and abundance of submerged
macrophytes, including Myriophyllum spicatum L. (Angiospermae), in a reactor
cooling reservoir. Arch. Hydrobiol. 77:475-487.

Guilizzoni, P. 1977. Photosynthesis of the submergent macrophyte Ceratophyl-
Tum demersum in Lake Wingra. Wisc. Acad. Sci. Arts lett. 65:152-161.

Hartman, R.T. and D.L. Brown. 1967. Changes in intermal atmosphere of sub-
mersed vascular hydrophytes in relation to photosynthesis, Ecology 48:252-
258,

Haslam, S.M. 1978. River Plants: The Macrophytic Vegetation of Watercourses.
Cambridge Univ. Press, Cambridge, 396 pp.

54



Hestand, R.S., B.E. May, D.P. Schultz, and C.R. Walker. 1973. Ecological
implications of water levels on plant growth in a shallow reservoir. Hya-
cinth Cont. J. 11:54-58.

Hjlilstrom, F. 1935. Stﬁdies of the morphological activity of rivers as il-
lustrated by the river Fyris. Bull. Geol. Inst. Uppsala 25:221-527.

Holmes, R.W. "1970. The Secchi disk in turbid coastal waters. Limol. Ocean-
ogr. 15:688-694.

Hunt, G.S. 1963. Wild celery in the lower Detroit River. Ecology 44:360-
369.

Hutchinson, G.E. 1957. A Treatise on Limnology, Vol. I. Geography, Phy-
sics, and Chemistry. John Wiley & Sons, New York. 1015 pp.

Hutchinson, G.E. 1975. A Treatise on Limnology, Vol. III: Limological
Botany. John Wiley & Sons, New York. 660 pp.

Hynes, H.B.N. 1970a. The Ecology of Running Waters. Univ. Toronto Press.
555 pp.

Hynes, H.B.N. 1970b. The ecology of flowing waters. Water Poll. Cont. J.
42:418-424.

Ikusima, I. 1965. Ecological studies on the productivity of aquatic plant
communities. 1. Measurement of photosynthetic activity. Bot. Mag. Tokyo
78:202-211.

Ikusima, I. 1966. Ecological studies on the productivity of aquatic plant
communities. II. Seasonal changes in standing crop and productivity of a
natural submerged community of Vallisneria denseserrulata. Bot. Mag.
Tokyo 79:7-19.

Ikusima, I. 1967. Ecological studies on the productivity of aquatic plant
communities. III. Effect of depth on daily photosynthesis in submerged
macrophytes. Bot. Mag. Tokyo 80:57-67.

James, H.R. and E.A. Birge. 1938. A laboratory study of the absorption of
light by Take waters. Trans. Wis. Acad. Sci. Arts Lett. 31:1-154.

Jackson, H.0. and W.C. Starrett. 1959. Turbidity and sedimentation at Lake
Chautaqua, IT1linois. J. Wildl. Mgmt. 14:157-168.

Jimb®, T., M. Takamatsu, and H. Kuraishi. 1955. Notes on the aquatic vegeta-
tion of. Lake Towada. Ecol. Rev. 14:1-9.

Jupp, B.P., D.H.N. Spence, and R.H. Britton. 1974. The distribution and pro-

duction of submersed macrophytes in Loch Leven, Kinross. Proc. Roy. Soc.
Edinb. B, 74:195-208.

55



Jupp, B.P. and D.H.N. Spence. 1977a. Limitations on macrophytes in a eutro-
phic lake, Loch Leven. I. Effects of phytoplankton. J. Ecol. 65:175-186.

Jupp, B.P. and D.H.N. Spence. 1977b. Limitations of macrophytes in a eutro-
phic lake, Loch Leven. 1II. Wave action, sediments and waterfowl grazing.
J. Ecol. 65:431-446.

Krumbein, W.C. and L.L. Sloss. 1963. Stratigraphy and Sedimentation, 2nd
edition. W.H. Freeman and Co., San Francisco. 660 pp.

Lind, C.T. and G. Cottam. 1969. The submersed aquatics of University Bay:
A study in eutrophication. Amer. Midl. Nat. 81:353-369.

Lynch, J.J., T. 0'Neil and D.W. Lag. 1947. Management significance of damage
by geese and muskrats to Gulf Coast marshes. J. Wildl. Mgmt. 11:50-76.

Martin, A.C. and F.M. Uhler. 1939. Food of game ducks in the United States
and Canada. U.S.D.A. Tech. Bull. No. 634, Washington. 147 pp.

McCombie, A.M., and I. Wile. 1971. Ecology of aquatic vascular plants in
southern Ontario impoundments. Weed Sci. 19:225-228.

McIntosh, A.W., B.K. Shephard, R.A. Mayes, G.J. Atchison, and D.W. Nelson.
1978. Some aspects of sediment distribution and macrophyte cycling of
heavy metals in a contaminated lake.. J. Envivon. Qual. 7:301-305.

Metcalf, F.P. 1931. Wild duck foods of North Dakota lakes. U.S. Dept. of
Agriculture. Tech. Bull. No. 221. Washington. 71 pp.

Meyer, B.S. and A.C. Heritage. 1941. Effect of turbidity and depth of
immersion on apparent photosynthesis in Ceratophyllum demersum. Ecology
22:17-22.

Meyer, B.S., F.H. Bell, L.C. Thompson, and E.I. Clay. 1943. Effect of depth
of immersion on apparent photosynthesis in submersed vascular aquatics.
Ecology 24:393-399.

Misra, R.D. 1938. Edaphic factors in the distribution of aquatic plants in
the English Lakes. J. Ecol. 26:411-451. '

Moeller, R.E. 1975. Hydrophyte biomass and community structure in a small
oligotrophic New Hampshire lake. Verh. Inter. Verein. Limnol. 19:1004-
1012.

Morton, J.W. 1977. Ecological effects of dredging‘and dredge spoil disposal:
a literature review. U.S. Fish and Wildlife Service Tech. Paper No. 94,
Washington. 33 pp.

Moyle, J.B. 1945. Some chemical factors influencing the distribution of
aquatic plants in Minnesota. Amer. Midl. Nat. 34:402-420.

56



Nall, L.E. and J.D. Schardt. 1978. The aquatic macrophytes of Lake Conway,
Florida. 'In: Large-Scale Operations Management Test of Use of the White
Amur for Control of Problem Aquatic Plants; Report 1, Baseline Studies,
Vol. I. U.S. Army Engineer District, Jacksonville, F1a 118 pp.

Nichols, S.A, 1975, The impact of overwinter drawdown on the aquatic vege-
tat1on of the Chippewa Flowage Wisconsin. Wisc. Acad. Sci. Arts Lett.
63:176-185,

Nichols, S.A. and S. Mori. 1971. The Tittoral macrophyte vegetation of
Lake Wingra: An example of a Myriophyllum spicatum invasion in a southem
Wisconsin Lake. Trans. Wisc. Acad. Arts Sci. Lett. 59:107-119.

Nichols, D.S. and D.R. Keeney. 1976. grogen nutrition of Mzrithledm
spicatum: Uptake and translocation of 15N by shoots and roots. Freshwater
Biol. 6:145-154,

Nicholson, S.A. and B.A. Aroyo. 1975. A case study in hydrarch zonation.
Vegetatio 30:207-212.

Odum, H.T. 1956. Primary production in flowing waters. Limnol. Oceanogr.
1:102-117.

Odum, H.T. 1963. Productivity measurements in Texas turtle grass and the
- effects of dredging an intracoastal channel. Univ. Texas, Inst. Mar. Sci.
Publ. 9:48-58.

Odum, H.T. 1971. Environment, Power, and Society. Wiley Interscience, N.Y,
331 pp.

Oglesby, R.T., A. Vogel, J.H. Peverly, and R. Johnson. 1976. Changes in sub-
merged p]ants at the south end of Cayuga Lake following Tropical Storm Agnes.
Hydrobiologia 48:251-255.

0'Rear, C.W., Jr. 1975. The effects of stream channelization on the distri-

bution of nutrients and metals. Water Resour. Res. Inst. Univ. North Caro-
lina, Rpt. No. 108, Raleigh. 52 pp.

Otto, N.E. and P.F. Enger. 1960. Some effects of suspended sediment on
growth of submersed pondweeds. Gen. Lab. Rep. No. Gen-27. U.S. Dept.
Interior, Bureau of Reclamation, Denver, Colorado. 18 pp.

Ozimek, T. 1978. Effect of municipal sewage on the submerged macrophytes of
a lake littoral. Ekol. Pol. 26:3-39.

Pearsall, W.H. 1920. The aquatic vegetation of English Lakes. J. Ecol. 8
163-201.

57



Pearsall, W.H. 1921. The development of vegetation in the English Lakes,
considered in relation to the general evolution of glacial lakes and rock
basins. Proc. R. Soc. Lond. 92B:259-284.

Peltier, W.H. and E.B. Welch. 1969. Factors affecting growth of rooted
aquatic plants in a river. Weed Sci. 17:412-416.

Peltier, W.H. and E.B. Yelch. 1970. Factors affecting growth of rooted
aquatic plants in a reservoir. Weed Sci. 18:7-9.

Phillips, G.L., D. Eminson, and B. Moss. 1978. A mechanism to account for
macrophyte decline in progressively eutrophicated freshwaters. Aquatic
Bot. 4:103-126.

Pieters, A.J. 1901. The plants of western Lake Erie, with observations on
thei; distribution. Bull. U.S. Fish Comm. 21:57-79 (cited in Stuckey,
1971).

Pond, R.H. 13803. The biological relation of aquatic plants to the substra-
tum. Publ. U.S. Comm. of Fish and Fisheries. Rept. for 1903, pp. 485-
526.

Poole, H.H. and W.R.G. Atkins., 1929. Photo-electric measurements of sub-
marine illumination throughout the year. J. Mar. Biol. Assoc., U.K. 16:
297-324,

Potzger, J.E. and W.A. Van Engel. 1942. Study of the rooted aquatic vege-
tation of Weber Lake, Vilas County, Wisconsin. Trans. Wisc. Acad. Arts
Sci. Lett. 34:149-166.

Rich, P.H., R.G. Wetzel, and N. Van Thuy. 1971. Distribution, production,
and role of aquatic macrophytes in a southern Michigan marl lake. Fresh-
water Biol. 1:3-21.

Rickett, H.W. 1922. A quantitative study of the larger aquatic plants of
Lake Mendota. Trans. Wisc. Acad. Arts Sci. Lett. 20:501-527.

Rickett, H.W. 1924. A quantitative study of the large aquatic plants of
Green Lake, Wisconsin. Trans. Wisc. Acad. Arts Sci. Lett. 21:381-414.

Schiemer, F. and M. Prosser. 1976. Distribution and biomass of submerged
macrophytes in Neusiedlersee. Aquatic Bot. 2:289-307.

Schmid, W.D. 1965. Distribution of aquatic vegetation as measured by line
intercept with scuba. Ecology 46:816-823.

Schulthrope, C.D. 1967. The Biology of Aquatic Vascular Plants. Edward
Arnold Ltd., Lond. 610 pp.

58



Seidelin Raunkiaer, A. and J. Boye Petersen. 1917. .In: Wesenberg Lund, C.,
Sand, M.J..Boye Petersen, J., Weidilin Raunkiaer, A., and Steeberg, C.
M., Furesgstudier. K. Dan Vidensk. Selsk. Skr. Nat. Mat. Afd., Rackke 8, 3,
No. 1:58-77 (cited in Hutchinson, 1975).

Sheldon, R.B.. and C.W. Boylen. 1977. Maximum depth inhabited by aquatic
vascular plants. Amer. Midl. Nat. 97:248-254.

Shelter, S.G. and L.E. Skog. 1978. A Provisional Checklist of Species for
North America (Revised). Missouri Botanical Garden, St. Louis. 199 pp.

Sincock, J.L. 1965. Data Report - Back Bay, Virginia and Currituck Sound,
North Carolina Cooperative Investigations. Patuxent Wildlife Research
Center, Laurel, Maryland. 1600 pp.

Sorensen, D.L., M.M. McCarthy, E.J. Middlebrooks, and D.B. Porcella, 1977.
Suspended and dissolved solids effects on freshwater biota: A review.
U.S. Environmental Agency, EPA-600/3-77-042, Corvallis. 64 pp.

Spence, D.H.N. 1964. The macrophytic vegetation of freshwater Tochs, swamps,
and associated fens, pp. 306-425. In: J.H. Burnett (ed.), The Vegetation
of Scotland. Oliver and Boyd, Edinburgh.

Spence, D.H.N. 1967. Factors controlling the distribution of freshwater
macrophytes with particular reference to the lochs of Scotland. J. Ecol.
55:147-170.

Spence, D.H.N. 1976. Light and plant response in fresh water, pp. 93-133.
In: G.C. Evans, R. Bainbridge and 0. Rackham (eds.), Light as an Ecologi-
cal Factor: II. Blackwell Scientific Publications, Oxford.

Spence, D.H.N. and J. Chrystal. 1970a. Photosynthesis and zonation of
freshwater macrophytes. I. Depth distribution and shade tolerance. New
Phytol. 69:205-215.

Spence, D.H.N. and J. Chrystal. 1970b. Photosynthesis and zonation of
freshwater macrophytes. II. Adaptability of species in deep and shallow
waters. New Phytol. 69:217-227.

Steenis, J.H. 1932. Lakes of Sawyer County. In: Land Economic Inventory
of Northern Wisconsin: Sawyer County. Wisc. Dept. of Agri. and Markets
Bull. No. 138. 58 pp.

Steenis, J.H. 1947. Recent changes in the marsh and aquatic plant status at
Reelfoot Lake. J. Tenn. Acad. Sci. 22:22-27.

Steenis, J.H. 1970. Status of Eurasian watermilfoil and associated submer-

sed species in the Chesapeake Bay area - 1969. Mimeo. Report, Patuxent
Wildl. Research Cntr., Laurel, Maryland. 28 pp.

59



Steenis, J.H., V.D. Stotts, and C.R. Gillette. 1962. Observations on dis-
tribution and control of Eurasian watermilfoil in Chesapeake Bay; 1961.
Proc. 16th Ann. Meet. Northeast. Weed Cont. Conf. 16:442-448.

Steenis, J.H., V.D. Stotts, and C.K. Rawls. 1971. Status of Furasian water-
milfoil and associated species in the Chesapeake Bay area, 1970 and 1971.
Mimeo. Rept., Patuxent Wildlife Research Center. 13 pp.

Stem, E.M. and W.B. Stickle. 1978, Effects of turbidity and suspended
material in aquatic environments: Literature review. U.S. Amy Corps of
Engineers Tech. Rpt. D-78-21, Washington. 117 pp.

Stuckey, R.L. 1971. Changes of vascular aquatic flowering plants during 70
years in Put-in-Bav Harbor, Lake Erie, Ohio. Ohio J. Sci. 71:321-342.

Thorndale, T. 1898. Island Jottings. Sandusky Weekly Register 30 March:
11. (cited in Stuckey, 1971.)

Thunmark, S. 1931. Dee See Fiolen und seine Vegetation. Acta. Phytogeogr.
Suec. 2; 198 pp. (cited in Hutchinson, 1975).

Tutin, T.G. 1940. The Percy STaden Trust Expedition to Lake Titicaca in
1937 under the leadership of Mr. H. Cary Gilson, M.A. X. The macrophytic
vegetation of the lake. Trans. Linn. Soc. Lond., 3rd Ser. 1:161-189,.

Twilley, R.R., M.M. Brinson, and G.J. Davis. 1977. Phosphorus absorption,
translocation, and secretion in Nuphar Tutéum. Limnol. Oceanogr. 22:1022-
1032.

Van, T.K., W.T. Haller, and G. Bowes. 1976. Comparison of the photosynthe-
tic characteristics of three submersed aquatic plants. Plant Physiol.
58:761-768.

van der Valk, A.G. and C.B. Davis. 1976. Changes in the composition, struc-
ture, and production of plant communities along a perturbed wetland coeno-
cline. Vegetatio 32:87-96.

Verduin, J. 1956. Energy fixation and utilization by natural communities in
western Lake Erie. Ecology 37:40-50.

Volker, R. and S.G. Smith. 1965. Changes in aquatic vascular flora of Lake
. East Okoboji in‘historic times. Iowa Acad. Sci., Proc. 72:65-72.

Weber, J.A. and L.D. Nooden. 1976a. Environmental and hormonal control of
turion formation in Myriophyllum verticillatum. Plant Cell Physiol. 17:
721-731.

Weber, J.A. and L.D. Nooden. 1976b. Environmental and hormonal control of
turian germination in Myriophyllum verticillatum. Amer. J. Bot. 63:936-
944.

60



Westlake, D.F. 1966. The 1ight climate for plants in rivers. Symp. Bri-
tish Ecol. Soc. 6:99-119. :

Westlake, D.F. 1967. Some effects of low-velocity currents on the metabo-
lism of aquatic macrophytes. J. Expt. Bot. 18:187-205.

Westlake, D.F. 1968. The biology of aquatic weeds in relation to their
management. Proc. Ninth Brit. Weed Cont. Conf. pp. 372-381.

Westlake, D.F. 1973. Aquatic macrophytes in rivers: A review. Pol. Arch.
Hydrobiol. 20:31-40.

Wetzel, R.G. 1975. Limnology. W.B. Saunders Co., Philadelphia. 743 pp.

Wetzel, R.G. and R.A. Hough. 1973. Productivity and role of aquatic macro-
phytes in lakes. An assessment. Pol. Arch. Hydrobiol. 20:9-19.

Wilson, L.R. 1935. Lake development and plant succession in Vilas County,
Wisconsin., Part I. The medium hard water lakes. Ecol. Monogr. 5:207-247.

Wilson, L.R. 1941. The larger aquatic vegetation of Trout Lake, Vilas
County, Wisconsin. Trans. Wisc. Acad. Sci. Lett. 33:135-146.

61



CANADA

M Maritime
N North
W West

P Plains
E Eost

GREENLAND G

UNITED STATES

Northeast
Southeast
North Central
North Plains
Central Plains
South Plains
Southwest
Intermountain
Northwest
California
Alaska

POOWO~NOINDOUGIN—

'7 5

[ s
a3y,

S L

Appendix A. Regions of North America that correspond to the distribution

codes of the Appendix B.

62



ZﬁMaﬁ_amthﬂ
WeI d M6 €E°T
3°9‘gce‘T

0°6°8°G° ¥ "1

ysnuaayLds jdaemg
yshuayrdg ;uw:m_m

J4A0MUADIEM

puow |y
punoay ‘ssedg np

JA0MUAOH ] Le3U007)

}A0Mue 4

ysny bBuruaamo)4
plobrael J4931eM
S$SaJd) 9j)e

urejueyd
A87eM Jes|MOodde)

panuLiuo)

geddedadiy
geaoeuadiy
sed0RULLIR| ]
aeaseaadAy

aeaoe| [ Aydojeuas)

2e a0 deydwAN

sesdeWoNg
2es0eU9]SYy

aesdedLSSedq

dpad R RWSL LY

quL] ("3Lnyds pue
‘waoy ‘f ‘) eLnAJded S1ARY003] 3

*1|NYdS pue ‘waoy ‘[
‘0 (7)) StdR|NDLO® S1ARYO03|3

Jaksy ‘y') pue u8yossld
"1 *3 4 ("33nN) ewpulw supje |3

*7 shjud ndsa snaadA)

] WNsSaswap wn||Aydoz e4s)

fedg °y eUELUL|0JRD PQUOqWe?)

"1 snijo}

-LAQUSL[[®A '} sSnie[loqun shwoang

A2a40] ' LLYO9g sudplLyg

*BaityM (-1e3) edLjenbe eroedoudy

“lBuy ‘9
‘0 L49A3b *ueA Wnauwedb ewst|y

uoLINgLa3stq

JWeN UoWWO)

AL Lwey

salLoadsg

(0S6T) Plewdd (xx) PUe
(£66T) 139sseq (x) :pojeOLpul se 3dadX3 (Q/6T)

bojS pue 493 |9yS wous pajdepy y xipuaddy uL suoLbay yjiLm

spuodsaduo) Spo) UOLINQLAISLQ SYL 21X ul pauoLjudl Sa3Aydoudey

aLyenby uedpudwy yjJaoN O uUOLINGLALSLQ pue “awe) uowwo) ‘A|iweq ©saroads g xipuaddy

63



DEWIdNY T
WEId*M6 b E°T

Lt04
- L HuL33eN 9(33 L]

©1]3q07 J433eM

panuLiuo)

seaoebed ol el

aeade|nuedwe)

‘00 wnAO{jLUdg e wn | AYdo LA AR

*7 euuewiJaop et [aqo]

WEIE2 T aeaoeuLbeiue| d *U4d{ BUEDLJBWe B[ |B403731L]
WEICE€Z°T ysny b6og seaoeounp J9fay *3 snduedolad snounp
WETET oML LLnD 9Pa0L130S] noL4Ng B40dSOJDRUW S$S3330S]
Z e|Lt4apAH 9e3Jv] LAe (D oup AY 8L Aoy e [LDOL3JDA B[] LAPAH
3°0 LLLWNO®N
6°8°/°9°C ez T ssedbueqs J493EM Ieadelispaluod A.Uumﬁav eLQNp BJyjueddlsH
"Ll3uusd (333sseq)
*WEIET dossAH saeMg seaoeLde|nydouds eiLrsnd -4 eajn| elOL}RUY
E 2J49duap Log
Wea‘gevezt <dossAH 96poH aeaoeLdenydodas yassdnd esJdne e[OLLRJY
WEI°9°€¢2¢T qa0mad Ly Be90e | NRO0LJ ] "y 1M a4enbuezdas uonedoLd]
uyop "3s
WeI0°6°8°G°ve“1 poamidIeM 9L3001LUARYI0UPAH *H ("youe|d) LL[[e33NU e3pO|]
We3*dM°0

6°8°/°9°G P g2 T DECUWERR ] 92300 LURYI04PAH *XUd L SLSudpeued espo]3

uoLINgLA3sLa swey uowwo) Al Lwed salodadg

(ponuL3uo)) g xipuaddy

b4



penuLjuo)

#xD W A dMNY
0’689 G pe 21 posSMpuUOd 43pUILS 2edoeuoy] abowel o4 J4303L4 LLP[03Yydouag uolabouwe0d
W3 d*M
0°6°8°L°G‘p e 2T paampuod jea|abue’] aeadseuo}aboweyod ‘wudYONg sni|ojtL(dur uojlabotiejod
. peleN
£f2°1 ‘paamMpuod Aysng aeadepeley L1y Aoutw seflepn
3°0 paampuod Aysng snubey
6°g°/°9°cp e 2T ‘peLBN UJ4dYylnos aeadepeley (*busuds) sisuadnpepenb sefep
We3%d posmpuad Aysng 1P LWYds pue
M6°8°L s pe 21 ‘peleN u4syluoN aeadepeleN *M3S0Y (°PLLIM) sLLLx3]4 selep
Vo6 8°G v e 21 [LO4| LWASIRM PB[AOUM seadebedo] ey 7 wn}e [ LOLIA3A wni | Aydo LAl
LLO4 .
We3‘cc1 - [ twJa83eM SSa)jea aradebeuofey ©1961g un|ausr wnj |AYydoLAAN
9 W I dMNY - Liod :
0°6°8°9°GH e 21 - LWud3eM ueLseany araoebeuO|H *7 wn3edtds wn|[ AYdoLaAl
LLoJ
3°9°Gpce 2T - [LWa33eM 3| qeLJeA aeaocebeuoleH *XUdL wnppAydoasray un|[AYydoLaAp
*D W dMENY LLo}
0°6°8°9°G*p e 2 1 -] LU 338N UAIYJAON oeaoebredaojey *U494 Sudds3qlexa ung [AydoLaAR
uoLINGgLUA1std BWeN UOWLO) ALLue so1oads

(penuijuod) g x1puaddy

65



panuL3uo)

W I d M YO paom
6°Q°/°9°G v°E 2T -puod jeajburjeol seadreuolaboweqod *7 suejeu uoj}abowejod
WEIcd* MY 0 pasm
M AU MR M ATARS -puod lJes|ajqgeLJep aeaor uoyabowejoyd *q susdn[ uojabowejod
WeItd*MY*0 poomM
6°8°/°9°GH°E2°T -puod jea|aLqeLJenp seadeuclaboweiod ‘Buodoly StsudouL|[[L uo3obowelod
9N I dMNY posm
0°6°8°/°Gp°E°T -puod jes|a|geLJdep deadrvuolabowelod *7 snaulwesb uolabouryoyd
W3
CAMENSY6°QbE T pa9amMpuod ssld- aeaoerunlaboureiod *adny LLsaLay uojaboweloy
W ISdMNYEO
‘6°8°/°9°G L E 2T poampuod ALea seadeuolaboweloy ‘Jey snsoijo4 uolabowejog
V068G ¥ E°T pooMpuod Jes|peadyl deaoeuolabowelod *SA9d SLUMOJL|LS uOIDbowelod
W3 d*M°Y
0°6°8°Gpcz T paampuod jeajuoqqtry seadeuclabourelod *3ey snapAyrds uoisbowejod
0
‘68 L°9°G P E“2°T poaMpuld poSS] Leus 2eaovuolabowejod *4BY SNL|04 LSABALP uOclabowelod
W30 paampuod AL4n)
6°8°9°GHE 2T ‘p3ampuod ony aeaoruo}abowel oy *7 sndsiad uojabourerod
uoLIngLa3stg SWe)N uoumIo) AL tue 4 salLoads

(panutjuoy) g xLpuaddy

66



panuLauo)

WeId*M
NV 06 8°G°P°E T poamMpuod Wwalsie| aedorv U0l sbowelod "UAD{ SLUMO0J143250Z uojabowelod
6°8°G°P°E T pasmMpuod aeadeunlabouwejod ‘uuag shL[04132147S uoldbowejod
WeIsP°E T paampuod psas|Leus seadeuolabouwelod ‘waaonl snitLards uolabowerod
W3
dMEY0 68 P E T POSMPUO jea|uda] aeadeuol sbowelod sa)e( LLSulqqoua uojzsbouwelod
9 W IdMNYEO
6°8°/°9°G P g 2T paamMpuod 4apus|§ seadeuolsbouweyod *7 snprisnd uolaboweiod
5N IdMNY EETY
0°6°8°2°G° P e“T -puod wesu3}sa)LyYM aeadre ucyaboweyod *}NM "4 snbuo|sedd uojsbowejod
_ 'Paiy (-uudg "Jy)
LLUOSPJRYI LA 4 pue ‘- mae4
_S9pLo4na|dng ‘JeA SN3eL[O}J4d
9 pasmpudd Jeaburdse|n ‘d °°*7 snjetijosdad "4 sspnioul
WEISN VG peee’T ‘ssedq peaypay seaoeuolabouweloy 138L[0JuDd UOL1DdSQNS uOj}abouelod
WA d MENYO
6°0°/°9°C peetT paamMpuod obes sea0ruolsboweyogd *7 shjeulidoed uoiabowejod
, Yaoy P ") "M pue "3J8l
WEISd MG v e“T poampuod lealjunig aeadeucyabouwry od *y *4 SNL[0JLSN}qo uojabowelod
WeIM°0
6°9°2°9°6 pge 1 paampuod jea|buon ae ade uol abowel o4 *AL0d Shsopou uojabourelod
uoLIngLA3SLQ Swey uowLwo) A Lue4 saLoads

(penutjuo)) g xspuaddy

67



(panutquod)

9N I°d
MENY0°6°8°Y°E° T JA0M | MY deaoeolLsseug *7 eodLjenbe eraeingng
DUHIdM
NVO6°8°L°P°E T pasJang aeade L uebuedg *XYD LW wnijojrisnbue wniuebaeds
WA MY b e 2°T ysnapng asiem aeddeaadA) *A40] [ SileuLwaalqns sndurdg
0
6°8°/°9°G p°Ec2°T ysnang wajspaey 2eaoeuadn) *tynl sninae shduarog
6°2°1 PeBYMOJILY ADLEM 2edDeJeWS L 1Y *pong (1) ezeingns eidejjibes
WEI“ 259G pce2T pPRAYMOULY JABPUBLS geaoeleWisL |y *XYJ LW esuLweab erdeziibes
WEITdMN ojejodiong
Ve0°6°8°/°G°bE°T ‘pRIYMOUAJY ULABYIAON aeadelewsL |y ‘pLays ezeaund eruaeliibeg
W' ISd MY
(“6°8°9°G°pe¢ce 1 sseuas uoabpipm 2e3deuojuaboweloy *7 ewijldeul erdany
dno
$3°2°9°G6°¢°1 -4233Nng J93eM 97 LUM aeade | nounuey *UoUpoy SLAFSOJALDbUO| snindunuey
9 W I d M N 1004MOug “dnd
A MR A AR AL AR | -4931Nng J33eMm 93LUM deade [ hounuey *7 sLLt3enbe snpnounuey
We3°0°9°¢g2 1 pasM plewday aeaoebeao| ey 7 staisnped edeuldiaasodd
uoLinqruaisiqg SWwep UOUHLO) AL Lwe4 saLoadg

(Pa3nutiuol) g xtpuaddy

68



9K
JOdMENY0°6°2°T ssedb o3 aeadeuonlsbouwelod "7 BuLJBU BUDISO7
WEISdMENYEO
6°8°/°0°G p°E 2 T pasMpuod Paudoy .aeaoel|aydLuuez *7 staasnied et||aydLuuez
pez°1 AUD3IPLLM L2201 LARYD04PAH *XUJLl)| BuedLJBWE ®LABUSL||EA
WA MN*VEO :
6°8°L°0°GpE“2eT J0MADppPE ] UOCUILO) aedoeLae|nqLIUdT ‘7 SLARD[NA eLJR{NDLAY()
auaauy
Wea‘ege‘1 1J40MUDpPpPR g 42puaAeR] deoddRLJRNqLIUT ‘g ‘g ejeurdnsad BLAB[NILLAN
We3‘e“e‘t J4omaappe|g adangd aeaodelLJde|nqLiud’] " AQULW BLARNDLAYN
‘ 9N Id
MENV0 68t E‘T j4oMasppe| g jedlleld aeadeLde|nqLiusT dufAeH eLpauMdUL eLJAR|NILAYN
We3D°0°9°6 g2 T Jaomasppe|lg UAS]SE] deadeLdenqLiuaT "7 eqqib elLJae{ndLaln
WE3€d 0“9°g“e‘1 140MUA9pPpPE Y PRUAOH aepaddeLJe|NgqLIUd] *XUOLW @3INUAOD eLUAR|NILAG(
uoLangiulsid awe) uouwwo) L Lwey sa1oads

Anmnsﬁucouv g9 XLpuaddy

69



50272-101

REPORT DOCUMENTATION |1. REPORT NO. 2, 3. Recipient’s Accession No.
PAGE FWS/0BS-79/33
4. Title and Subtitle . . ﬂ 5. Report Date
Responses of Submersed Vascular Plant Communities to Environ- August 1980
mental Change 6.
7. Authn.r(s) . 8. Performing Organization Rept, No.
Davis, Graham J., and Brinson, Mark M. e
9. Performing Organization Name and Address 10. Project/Task/Work Unit No.

Department of Biology
East Carolina University
Greenville, NC 27834

11. Contract(C) or Grant(G) No.
© 14-16-0009-78-032

(G)

12, Sponsoring Organization Name and Addre: 13. T of Re ri Vi
Eap;tierng Eﬁergy aﬁﬁ Land Ussfe Team, Office of Biological Services, vpe of Report & Period Covered
Fish and Wildlife Service, U. S. Department of the Interior Final report

Route 3 Box 44, Kearneysville, West Virginia 25430

4.

15. Suppiementary Notes

16. Abstract (Limit: 200 words)

This report examines the response of submersed vascular plants to changing environmental
conditions, primarily those that affect 1ight transmission. Among the physical factors
considered are fluctuating water levels, currents and waves, and suspended sediments.
Chemical and biological factors affecting plant responses to light conditions are
grwoing season and dormancy, nutrient availability, and plant-animal interactions. Depth
distribution data for many North American species of submersed vascular macrophytes are
recorded as an indices of resistance to turbidity for some of the most tolerant of the
species. Survival indices were also calculated for several species typically found in
clearwater lakes. Turbidity tolerance and survival indices were then used to identify
groups of species with varying degrees of resistance to ecosystem alterations. The
report concludes with a brief discussion of the potential effects of human activities
on submersed plant communities.

There is a companion document which contains a summary of this literature review. It is
entitled Responses of Submersed Vascular Plant Communities to Environmental Changes:
Summary, FWS/0BS-80/42, August 1980.

17. Document Analysis a. Descriptors
Aquatic Plants, Aquatic Environments, Light Penetration, Light Intensity, Water Level
Fluctuations, Suspended Solids, Waves, Currents

b. ldentifiers/ n-Ended Terms

SubmersedMVascu ar palnts, Aquatic Macrophytes, Light Transmissivity, Turbidity,
Suspended Sediment

c. COSATI Field/Groun  J3F, 486G, 57H

18. Availability Statement 19. Security Class (This Report) 21. No. of Pages
Release unlimited Unclassified 79
20, Security Class (This Page) 22. Price
Unclassified
(See ANSI-Z39.18) OPTIONAL FORM 272 (4-77)
70 (Formerly NTIS-35)

Department of Commerce

U.S., GOVERNMENT PRINTING OFFICE : 1980 O - 328-607



As the Nation's principal conservation agency, the Department of
the Interior has responsibility for most of our nationally owned
public lands and natural resources. This includes fostering the
wisest use of our land and water resources. protecting our fish and
wildlife, preserving the environmental and cultural values of our
national parks and historical places, and providing for the enjoy-
ment of lite through outdoor recreation. The Department assesses
our energy and mineral resources and works to assure that their
development is in the best interests of all our people. The Depart-
ment also has amajor responsibility for American indian reservation
communities and for people who live in island territories under U.S.
administration.

r U.S. 1
FISH & WILDLIFE
SERVICE




U. S. DEPARTMENT OF THE INTERIOR
FISH AND WILDLIFE SERVICE
OFFICE OF BIOLOGICAL SERVICES
EASTERN ENERGY AND LAND USE TEAM
ROUTE 3, BOX 44
KEARNEYSVILLE, WV 25430

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE. 3300

POSTAGE AND FEES PAID
U S DEPARTMENT OF THE INTERIOR
INT-423




