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Vascular Aquatic Plants for Mineral Nutrient
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CLAUDE E. BOYD!

A very serious problem arising from
modem technology is pollution. One of the
more widespread types of pollution is the
addition of large quantitics of inorganic
nutrients, p -ticularly nitrogen and phos-
phorus, to ieshwater lakes and streams.
Nutrients are present in industrial and
municipal effluents, and in runoff and
drainage from agricultural operations. Dis-
solved nutrient levels in many waters have
increased  during recent vears (22, 23),
greatly accelerating the natural process of
eutrophication. Enhanced  growth of
bacteria, algae, and higher aquatic plants
ocans in nutrient-enviched waters.  Flant
populations often reach nuisance  propor-
tions and interfere with beneficial uses of
natural waters,

Rescarch on more effective  techniques
to remove wineral nutrients from effluents
prior to release into natural waters is badly
needed (1), Just as relevant is the need
for methods  of watricut  removal  from
natural waters that have become danger-
ously cutrophic.  Aquatic vegetation ab-
sorbs large wmounts of nutrients and its
removal might constitute an effective means
of stripping nulrients from  cffluents or
natural waters.

Several studies have dealt with nutrient
removal from sewage by harvesting plank-
tonic algae, but rather claborate and ex-
peusive technigues are required o harvest
phvtoplankton (15}, Several authors (4,
12, 22, 23) have hinted al the possibility
of using higher aquatic plants for nutrient
removal, but this idea has not been treated
in detail. The present paper presents an
argument for nutr ont removal with vas-
cular plants. The feasibility of such opera-
tions is not kunown, but hopefully this
treatment will stimulate rescarch on and
discussion of the subject.

Savannah River Ecology Laboratory, c/o
USALC, SROO, P.0O. Box A, Aiken, South
Carolina,  Submitted for publication December
8, 1969,
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If plants are removed, a disposal prob-
lem arises. Recent rescarch (3, 4, 5, 9,
21) revealed that vascular acuatic plants
have food plant qualities, either as raw
materials for leaf protein extraction or as
fodder. But leaf protein is probably not
a suitable protein concentrate for use in
technologically  advanced  nations  at  the
present time (13). Aquatic angiospeimns
have a high moisture content and are diffi-
cult to harvest by mechanical means (3. 4,
5, 18), so their direct commercial possi-
bilities in more advanced nations are not
bright. However, if the plants were re-
moved for nutrient abatement  purposes,
they could probably he dried and used as
a feedstuff, The food value would offset
the cost of removal to some extent.

Management of Native Vegewation

Nuisance aquatic angiosperms are usu-
ally eradicated with lierbicides (21). Fish
and other desirable organisms are  some-
times  killed  directly by the  herbicide.
When Lge quantities of vegetation are
destroyved, the resulting decomposition may
deplete the dissolved oxygen supply and
ill all acrobic organisms (26). Even when
herbicide treatments are otherwise success-
ful, nutrients in dead aguatic plants e
quickly released (7). Space and nutrients
soon become available for growth of other
species. For example, Lake Seminole near
Clattahoochee, Florida, contamed  several
thousand acres of  Eichhornia  crassipes
(water hivacinth)., These plants were killed
with herbicides, but the original aguatice
weed infestation was rapidly replaced by Al
ternanthera philoxeroides (alligitor weed).
Herbicide treatments are usually suecessiul
for limited weed eradication in most lakes,
particularly where fertility is not high,

In view of problems associated  with
extensive herbicide treatments, methods of
vegetation management should he  devel-
oped for fertile Inkes where nutrient re-
moval is wot required. Large stands of
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particularly undesirable  species could  be
reduced by partial herbicide treatment and
more desirable native species encouraged.
In tropical and subtropical regions, peren-
nial species such as E. erassipes or Pistia
stratoites (water lettuee) could be confined
in particular arcas of the lake throughont
the vear. Nutrients contained in these
plants would not be available for other
species, and the cxtensiveness of the E.
crassipes or P, stratoites stands could be
controlled by partial herbicide  treatment.
Enconragement of vascalar plants in shal-
low water areas of temperate zone lakes
that are plagoued with nuisance crops of
phyvtoplawkton might effectively reduce nu-
trient levels and limit plivtoplankton pro-
duction.  High nuatrient levels during the
winter wonld not present a problem. By
such manipulations, species that  conflict
least with water uses  would  dominate
nutrient cyveles without serious habitat al-
Leration,

Nutrient levels in some shallow, weed-
infested, entrophie lakes could he reduced
by removal of nateral vegetation.  Tish
mortality problems associated  with herbi-
cide  treatments  wonld  be  eliminated.
Again, care must be exercised to insure
that reinfestation would be by desirable
species. The removal of most species from
natural waters would require iderwater
harvesting equipment (18) and wonld be
This removal

harvest would significantly reduce nutrient
levels. Phyvtoplaukton dominates the flor,
of deep lakes, and even some shallow
cutrophic lakes contain Jarge quantitics of
planktonic  algae  rather than  extensive
stands of vascular plants.  However, tie
removal of phytoplankton is not feasible
with existing technology.

Species for Cultivated Systems

Nutrients could possibly be stripped from
effluents by aquatic pluts prior o their
release into vatwral waters, or plants conld
be cultivated in lakes and then harvested,
Species for these operations must not ouly
praduce large standing crops per unit area,
but wmust have o orapid pgrowth rate. The
plants must accumulate Targe quantities of
mineral nutrients, particululy the nitrogen
and phosphorus generally associated with
artiticial cutrophication (22, 23). Only
species that can be harvested by velatively
simple means could be emplayed. Inad-
dition, the plants should have reasonable
nutritive valne as a leedstulf for ceonomic
reasons.

Non-plaktonic algae and submerged il
floating lealed vaseular plants would he
very dillicult to Tarvest. and most species
do not produce rge quantities of biomass
(3, 21}, Many species of emergent and
floating plants might he used, but based
on my expericnees (3.3, 6, 10, 1), four
species, Eichhornia crassipes, Alternanthera
philoxeroides,  Justivia  americana (water

very  expensive. type  of
would be most offective if the source of  willow), and Typha latifolia (cattail), ap-
pollution had heen climinated and a single  pear most snitable.  Chemical — analyses
Tanre I
STANDING CHOP, PRODUGTIVITY, AND YIELD DATA FOR FOUR SPECIES
OF AQUATIC VASCULAR PLANTS
Standing Maximum Maxinnun
crop produclivily yield®
( Metric tons (x dry ( Metrie tons
Specices dry wt/ha) wt/m?/day) wt/ha/vear)
Eichhornia crassipes® 12.8 14.6 54.7
Justicia americana® 246 311 113.5
Alternanthera philoxeroides® 8.0 17.0 62.0
T'ypha latifolia® 15.3 52.6 192.0

* Penfound (26)
*Boyd (G6) .
“Based on maximum productivity rates

for 365 days.
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TasLE 1]
MEAN MINERAL NUTRIENT COMPOSITION OF DRIED SAMPLES OF
WATEH PLANTS FROM YOUNG STANDS

Eichhornia*"* Justicia” Alternanthera™® Typha’
Constituent crassipes americana philoxervides latifolia
wh (%) 18.11 16.07 14.72 6.75
\itrogen (%) 2.64 2.02 2.87 1,37
pPhosphorus (%) 043 0.12 0.32 0.21
sulfur (%) 0.33 0.18 0.29 0.13
Calcivm (%) 1.00 0.90 0.52 0.89
\lagnesium (%) 1.05 0.41 0.52 0.16
Potassium (50) 4.25 3.28 5.20 2.38
sudium (9%) 0.34 017 0.37 0.48
fron (ppm) 250 1085 720 120
\Lunganese  (ppm) 3940 112 440 412
Zine (ppm) 50 285 90 30
26 15 37

Copper (ppm) 11

* Boyd (5)
*Lawrenee (19)
* Boyd (G)
* Boyd (8)

indicated that these plants have a relatively
high nutritive value (3. 3). In the culti-
vated systems, high natrient concentrations
will be present in the water, and  near
maximum levels of protein should be ob-
tained for cach species. Maximum cmde
protein values found in natural stands of
these species are as follows: I, crassipes,
Wi AL philoxeroides, 2045 T latifolia,
13%; and ] americana 295, Large quan-
tities of leaf protein concentrate can be
estracted from J. americana and A, philox-
croides, but T have been unable to estract
significant amounts of protein from  the
other two species. Standing erop data and
productivity  estimates  are high  (‘Table
1). Eovironmental mineral mutrient levels
would he high and interspecific competi-
tion Jacking in the cullivated  systems.
Plants would be vemoved at some fairly
contimial rate or several erops would be
harvested annually,  Conditions for growth
would approach the optimmm.  In tropical
retions it might be possible to devise calti-
vation techniques that would cuable plants
o grow all year at rates ubtained during
short periods of their normal vearly eyeles.
Several months of Livh production might
even be obtained in colder  climates.
Ihearetical maxinm vates of annual pro-

duction (12 months) are given in Table I
The estimate for E. crassipes is probably
very low. Westlike (31) estimated that a
vicld of 130 metric tons per hectare could
be obtained under optimum conditions.  If
even 30% of the maximum  values was
actually  obtained, it wonld  represent a
vield much higher than obtained with crop
plats. The mineral compuosition of these
species is reported in Table 11 Consider-
able interspecific  differences  in nutrient
composition are  obvions, but values for
macronntrients are within the ranges ex-
pected for typical forage species (24).
Levels of certain micronutiients are higher
than those reported  in many terrestrial
plant: (24). Samples of the sume species
from ailferent sites vary greatly in mineral
concentrations.  Samples from foertile sites
have higher mineral levels than those from
infertile sites (6, 11), so when cultured
on  unutrient-rich ¢ {lnents,  these  plants
would probably ¢ontain L5 lo 2.0 times
higher values than those reported in Table
I1I. Levels of erude protein decline as these
species age (6, 9. 10), and valnes for most
minerals follow a similar trend. Towever,
the plants would be harvested when young,
and high  tissue  concentrations  of - most
constituents would be assured. These facts
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Fic. 1.
water hyacinths  (Eichhornia crassipes).

are important from the standpoint of using
the plants as o feedstuff. From the point
of view of nutrient removal, dry matter
standing crop is the decisive factor regulat-
ing the quantities of mineral nutrients per
it arca of a particakir species, oven
though Tuge temporal and site variations
in minceral levels are common (Boyd, un-
published data).

Nutrient Removal from Effluents

Municipal sewage treatment facilities re-
move considerable quantities of nutrients
fron waste water, but the cffluents still
contain levels of nitrogen and phosphorus
that are inuch higher than concentrations
i natural waters.  Many industrial and
agricnltural effluents are not treated prior
to release into the enviroument.  Nutrients
could possibly be stripped from certain
high nutrient content elfluents by aquatic
angiosperm  populations,  Not only would
this svstem remove nitrogen and phos-
phorus, but other nuirients capable  of
stimulating  plant  growth  would  he
removed. Research to determine the efti-
ciency of unutrient removal must be con-
ducted, but dense plant stands should be
capable of reducing mineral nutrient con-
centrations to very low levels. This is a
definite advantage over most methods that
are slinted at removing only certain key
nutrients from waste water. Ponds could

Diagram of the processes involved in mineral nutrient removal from offluents by

be constructed and stocked with aquatic
plants. The principles of nutrient removal
in plants are somewhat different from those
regulating biological degradation of wastes
in sewage ponds (23) and oil relinery
cffluent holding ponds (1-4), bui certain
aspects of operation will be similar, Shal-
low holding ponds require a shorter holding
period than relatively deep holding ponds.
A series of small ponds in which the waste
water travels from one pund to the neat
is more elfective than a single Jarge pond.
The size and design of vaseolar plant hold-
ing ponds will ultimately depend to a large
extent upon methods of harvesting  the
plnts.  Suitable  clfluent  retention  times
and the efficiency of the ponds can be
determined by monitoring nutrient levels
in the inflow and outflow.

Eichhornia crassipes would be  idealls
suited for nutrient removal systems  (Fig.
1). This plant is not rooted and floats on
the surfuce, so mechanical removal would
be facilitated. Plants conld be harvested
at a continual rate. and the population
maintained in a rapidly expanding phase
throughout the growing season.  Mincral
uptake rates per wnit of dry matter increase
are greater in plants in a repid growth
phase (G, 10). Waters heneath dense hya-
cinth stands are mnaerobie (26), and addi-
tional nitrogen would be lost  through
denitrification. There would be consider-
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Jble microbial activity beneuth the hya-
cinths, and nutrients would be absorbed
b these organisms. In addition, consider-
Jble organic matter would reach the water
bv the loss of root fragments from the
hvacinths and the leaking of soluble organic
compounds from the roots. Thercfore, the
outflow would be anaerobic and probably
have a fairly high biological oxygen de-
mand (BOD), and it might prove necessary
to use conventional sewage holding ponds
1o reduce the BOD prior to final release,

Schemes for cultivating tke other species
that are emergent, ic., rooted to the sub-
srate with shoots extending above the
wrface of the water, would be similar to
that for E. crassipes. Aerial shoots of .
americana and A, philoxeroides have crude
protein values about one fourth higher
than levels in samples of entire plints (6),
but aerial shoots are only about 25% of the
total standing crop. Therefore, it would
not be practical to harvest the cmergent
growth with floating equipment.  The
ponds could be drained and aliowed to dvy
tn some extent without damaging the plants
and modified forage harvesting cquipment
wed to remove the entire above-ground
portion of the stand. Both species will
regrow rapidly fromn rootstocks, and two or
more crops could Le produced per year,
men in temperate climates.  Typha lati-
folia enltivation would be similar to tech-
viques for J. americana and A. philoxero-
ies, except that the ponds conld be dried
W the point that conventional harvesting
viquipment  could be  employved  without
seriously  impairing  the  quality of the
plants,

Ponds for cultwring emergent  species
:unld be three to four feet in depth. As
amge as the ponds vemain acrobic, bottom
suils would remove phosphorus from solu-
tion regardless of depth. In relatively deep
ponds with dense stands, waters would
probably become anaerobic since most of
the gas exchange for these species is with
the atmosphere. However, where space
Permits, T, latifolia conld be cultured in
water 6 to 12 inches deep. This would
dllow for better acration and maximize soil
alsorption of phosphorus.  Regardless of
the system of cultivation, the soils wiil

NUTRIENT REMOVAL 09

gradually increase in phosphorus content,
and equilibrium levels in outflowing waters
would probably increase to an excessive
level. At this time, ponds could be dried
and used for the cultivation of conventional
forages until soil phosphorus levels are re-
duced,

The effectiveness of the systems will
depend upon having enough plant biomass
to remove large quantities of nutrients at
all times. Thercfore, plant populations
must be established prior to the release of
effluents. In nutrient rich waters, phyto-
plankton frequently produces dense growths
and prevents the development of rooted
species simply by light limitation.  This
~ould be prevented by starting higher
plants in very shallow water initially and
raising the water level as the plants grow.
Obviously, light limitation will not be a
factor with E. crassipes. Particularly with
the use of emergent specics, several ponds
will he needed. Ponds could be started at
progressively later dates, and times of har-
vest would be staggered. This wounld insure
the application of the technique throughout
the growing season, Just as important, this
wonld inswre a constant supply of plants
for use as feedstuffs.

E. crassipes does not accur in temperate
climates, but this species could be intro-
duced in the early spring, and large popula-
tions could be obtained in a few weeks.
This plant is not capable of overwintering
in temperate regions, so there wonld be
no danger of it escaping into natural waters
and  becoming  a uwuisance.  The  three
emergent species can overwinter and ve-
grow from rootstocks, so once established,
the cultures would be  self-perpetuating,
There would be some danger ol introducing
A. philoxeroides as a pest in some regions,
but J. americana and T. latifolia are com-
paratively less important as cconomic pests.

Using maximum production data for the
emergent plants (Table T), an estimate of
75 mctric tons/hectave ‘vear for E. crass-
ipes and average mineral levels in Table 11,
quantitics of nutrients that could con-
ccivably Dbe removed in plant  biomass
were caleulated (Table [1). In temperate
climates, the removal values would de-
crease as a function of growing season.
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TasLe IIL
QuanniTies oF ELEMENTs (kg/ha) THAT COULD BE WEMOVED PER
YEAR BY CONTINUAL CULTURE OF SOME AQUATIC PLANTS

Eichhomia Justicia Alternanthera Typha

Elecment crassipes americana philoxeroides latifolia
Nitrogen 1980 2293 1779 2630
Phosphorus 322 138 198 403
Sulfur 248 204 180 250
Calcium 750 1022 322 1709
Magnesium 788 4065 322 307
Potassium 3188 3723 3224 4570
Sodium 255 193 229 730
Iron 19 123 45 23
Mangancse 296 13 27 79
Zinc 4 30 8 6
Copper 1 3 1 7

These values represent large uantities of
nutrients. For example, based on an csti-
mated annual per capita contribution of
4.0 kg nitrogen and 1.4 kg phosphorus to
treated sewate (22), the removal would
cozrespond to the nitrogen contribution of
300 persons and the phosphorus  contri-
bution of 225 persons per hectare per year.
Plant removal would also represent a large
tonnage of feedstuffs. Using crude protein
valnes  caleulated  from  nitrogen  data in
Table 11 and protein extractability data
from Boyd (3), quantitics of crude protein
in fodder and amounts of extractable leafl
protein enncentrate (LPC) were caleulated
(Table 1V). The digestibility of fodder
from these plants is not known, so con-
versions to animal production cannot be
made. Leaf protein concentrates from A,
philoxceroides and J. americana are similar
to protein concentrates from crop plants
(20). LPC is a suitable protein supple-

ment for inclusion in human diets (28).
Assuming a generous protein reguirement
of 70 of protein a day for humans (29),
the protein from one hectare of J. ameri.
cana could satisfy the protein requirements
of 301 persons for one vear. Abont 504
of the dry matter would be retained as a
fibrous residue following extraction,  This
material contains considerable protein and
would probably he suitable as a ruminant
animal feedstuff,

Althongh the proposed nutrient removal
svstems would probably be adaptable to a
variety of cffluents, it would be most suit.
able for situations where the cffluent is of
comparatively small volume, but concen-
trated in nutrients. One such source of
pollution is feed ot production of cattle.
The drainage from the lots could be di-
verted into  holding  ponds for nutrient
removal, and the harvested plants could
be processed and fed to the animals. This

TanLe IV
METIIC TONS OF CRUDE PROTEIN IN FODDER OR PROTEIN IN LEAF PROTEIN CONCENTHATE T\
COULD BE OBTAINED ANNUALLY FOR CONTINUAL CULTUME OF ONE JIFGTARE OF SOME AQUATIC
VASCULAR PLANTS

Crude protein

Species

Crude protein in

irc fodder leaf protein concentrate

Eichhomia crassipes
Justicia americana
Alternanthera philexeroides
Typha latifolia

12.4 —_
143 7.7
I1.1 4.7
164 —




BOYD: PLANTS FOR NUTAIENT REMOVAL

would be ideal since handling and trans-
portation of the plants would be kept to a
minimum.  Nutrient removal and plant
utilization would also be handled by the
wume Jrganization, and maximum economy
would be realized.

Some Anticipated Problems

A number of problems that may be en-
countered in the cultivation of aquatic
plants have been pointed out earlier. Several
others deserve mention, and perplexitics
not considered hiere will undoubtedly arise.
Mosquito production is usually associated
with areas of extensive vasenlar aquatic
vegetation (27), so the use of aquatic
plants for nutrient removal would lead to
mosquito infestations. Insecticide applica-
tions would countrol the mosquitoes, hut
insecticides having short residual activity
must be employed if the plants are to be
used as feeds. Careful attention will also
liave to be given to the possibility of patho-
ten (particnlary virus) transfer from waste
water to plants to animals to humans. This
preblem would be most cruical with mu-
nicipal sewage. The unsuitability of feed-
stuffs from plants grown on certain wastes
will not preclude the unse of plants for
nutrient removal.  Plants could be disposed
of as green manures. Tlowever, the plants
should be wsed as a feedstaff if possible
since  green mavures are of very low
ceonomic value.

Percentage dry matter values for freshly
larvested T latifolia, ]. americana, and A.
philoxeroides are as high as dry matter
vialnes for forage crops. These specics
could be sun-cured as fodder, gehydrated,
and processed into meals or even fed as a
treen roughage in the same mauner as
eonventional crops.  E. crassipes contains
about 95% oisture and could not be fed
€8 a green roughage, The moisture content
5 too high for conventional forage drving
brocesses to be cconomical. Some of the
vscessive moisture content is due to ad-
herent water associated with the root
swstem. Much of this water can be removed
by draining for a few hows. This will
increase the dry matter content to 8 to
10%, but a period of sun drying will still
be necessary before mechanical dehydra-
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tion is practical. Low percentages of dry
matter in E. crassipes would necessitate
that processing equipment be located as
near the point of harvest as possible to
prevent cost of transporting material of
high water content.

Nutrient Removal from Natural

Waters with Eichhornia crassipes

The limitations of removing nutrients
from natural waters by harvesting native
vegetation have already been discussed.
However, it should be possible to establish
and confine populations of E, crassipes at
desired sites in lukes or streams. These
floating rafts could be removed when the
plants reach a suitable size. Rafts could
be started at different times, and plants
in a rapid phase of growth would be
present thronghout the growing scason. By
rvemoving plants at a rate sufficient to
balance nutrient input with natural nu-
trient losses, a ratrient balance could be
achieved. The process of artificial enrich-
ment could be reversed by removing plani-
hound nutrients in excess of input.

When added to lakes. phosphorus s
rapidly removed from solution by adsorp-
tion outo hydrosoils (16, 17). This phos-
phorus is not rendered entirely unavailable
since hydrosoil phasphorus and dissolved
phosphorus exist in equilibrivm (17, 30).
The equilibrium  concentration  increases
with increased hydrosoil phosphorus (30).
Reductions in hvdrosoil phosphorns could
be effected by plant uptake. Plants would
remove nutricuts from the water, thereby
displacing the phosphorus equilibrium, and
additional  phosphorus would be released
from the mud. This would be particularly
helpful in reducing hydrosoil phosphorus
following cessation of nutrient enrichment.

E. crassipes could he grown in lakes of
any size or depth. In temperate regions,
E. crassipes would have to be introduced
in the spring. Cow-paratively larger popu-
lations wounld be required in temperate
climates than in tropical regions if the
annual addition of nutrients is to be ve-
moved in a few months. This method
would fail in areas with very short growing
scasons, as would the techniques for strip-
ping nutrients from cffluents,
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Conclusions

Aquatic plants have potential as feed-
stuffs in certain nations, but the economics
of harvesting and processing would pro-
hibit their dircet utilization as a forage in
teclmologically advanced nations.  1low-
ever, nutrient pollution is accelerating rates
of eutrophication of natural waters in many
areas. Aquatic plants produce large stand-
ing crops and accumulate large amounts of
nutrients.  Systems based on the harvest
of aquatic plants have potential application
in removing nutrients from cffluents and
mataral waters.  Large quantities of all
clements essential for plint growth would
be removed in proportion to their compo-
sitional ratios in  the partienlar  species.
Plaunts could subsequently be nsed as forage
to partially offsct the cost of nutrient re-
moval. The actual feasibility of these sys-
tems nmst be tested  with pilot studies.
These studies will require an interdiscipli-
mary approach, and much research will be
required. This paper Las been intended to
merely point out the apparent potential of
aquatic angiosperms for nutrient removal,
If usable, such systems wouldl turn unde-
sivable nutrient pollution into fertilizer to
increase aquatic plant production, and the
cconomics of nutrient pollution abatement
wonld be improved.
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