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ABSTRACT

A model simulating macrophyte production has been formulated based
on the reduction of Pmax by various loss terms: respiratiom, excretion,
mortality, sloughing, and grazing. Functions include morphological
changes influenced by depth, variations in fruiting habits, overwintering
productivity, and sediment preference, Four dissimilar specles have
been chosen for model calibration and wvalidation to, assure & generalized
model capablg of predicting macrophyte dynamics‘under diverse conditions.
The model has been initially developed to describe the processes of
macrophyte production and mortality as part of a larger detritus forma-

tion and nutrient cycling model in the littoral zome of Lake George.



INTRODUCTION

.MacrOphjﬁes ére aquaﬁic plants which are generally rooted in the
sedimgnt and have‘morphologically diséernable tissues such as leaves,
stems, and roots. They vary considerably in morphology and growth
habit. VThey inhabit thé littoral zone of most lakes and can grow .at
depths of up to 9 to 10 m (Sculthorpe, 1967; Sheldon and Boylen, .
1975p). Many grow only a few centimeters high while others may. attain
heights of several meters. Growth can be totally submergent or par-
tially emergent, either as erect structures or as floating leavea. 
.Many species have extensive root systems while others have few. The
role of roots in nutrient uptake by aguatic plants is not well under-
atood, Reproduction may ée by vegetative propagation or fruiting and
plants may overwinter as either seeds, rhizomes, or winter buds.
(tightly compacted masses of leaves born in the nodes of the parent
plant). Many species grow only during the summer, dying back to some
overwintering structure, while others remain productive to varying
deg?ees througﬁout the winter. They are an lmportant component of
many fresﬁwater ecosystems playing a significant role in primary pro-
ductivitj as well as in nutrient cycling (Sculthorpe, 1367; Wium-
Anderson and Anderson, 1972).

The Eastern Deciduous Forest Biome, U.S. Internaticnal Biological
Progrem, has produced a model to predict aquatic macrbphyte growth
(Titus, et al., 1972). It is a complex model accurately describing

the growth of Myriophyllum spicatum growing in Lake Wingra, Wisconsin,



at a depth of from O to 2 m. Growth-related processes have been parti-
tioned into 10 cm depth classes of water column., Myriophyllum spicatum
overwinters as a mass of roots with short viable shoots. Growth is |
seasonal: beginning after ice off, producing two biamasé.peaks during
the summer, and dying 1# the early autumn. Because of the highly spe-
cific nature of this model it has been more expedient to construct a
simpler, more general model than to attempt to adapt and validate the
Myriophyllum model for Lake George, New York.

The generalized macrophyte growth model has been formulated with two
objectives in mind: first, to give a predictable mathematical repre-
sentation of macrophyte growth which is simplistic and yet incorpora-
ting, as much as possible, the more important aspects of macrophyte
growth behavio;; and secondly, teo have a model which will give an
accurate estimate of the annual contribution by macrophytes to the
detrital pool, Detritus formation, through macrophyte mortality and
sloughing, is seen as a major influence in limnetic, littoral zone
d&namics. It is for this reason that a model to describe the processes
of macrophyte production and mortality is being developed as part of
a larger detritus formation and nutrient cycling model in the littoral

zone of Lake George.



DISAGGREGATION OF THE -MODEL

For several geasons many aspects of rooted macrothte physiologf
and community structure have been studied in Lake George, New York
(Boylen_and Sheldon, 1973; Sheldon and Boylen, 1975a, b, ¢, d; Sheldon,
Boylen, .and Park, 1975). Over 40 species of submergent maoroohytes
have been_fpuod»to grow in the littoral zooe. Variouo generaiizationa
of macrophyte growth behavior can be seen in one or more of these |
species. To guide conceptualization of our model and for purposes of
subsequent calibration and validation, 4 macrophyte species have been
chosen, These planta vary in seasonal productivity, depth preference,
structural morphology, reproductive or prOpagative habit, and sediment

prefergnpe.

Potamogoton amglifoliua-'

This species oisplays two different*groﬁth habits. In the hhroheo 
around Lake George it‘grows prolifically in 0 to 3 m of wator. Thete.j.
plants begin to grow in mid-April after the ice melts., Sobaequentlj‘r
they groﬁ to the surface and by early .July develop fioatiné leaves and
emergent flowers and fruits, All plants die back in the eorly autumn.

In the open lake preferred growth depth of the soecies i; 3 to 5 m,
Plants grow 1 to 3 m in height, rarely reaching the surface, They do
not develop floating 1eoves and seldom fruit . Reproduction is re-
stricted to vegetative propagation and wmany plants ovorwintet in a

productive state. Internodal distance is short for plants growing at



shallow depths, long for plants at deeper depths.

Potamogeton robbinsii

‘Growth in Lake George shows a8 strong preference for 5 to 7 m deptﬁ,
although it is not sbsolutely restricted to this depth range. Plants:
grow to a height of le;s than 0.5 m. They never fruit but reproduce
by vegetative propagation. Many plants overwinter iﬁ a. productive

state.

Vallisnerjia americana

Growth in Lake George is preferred at 1 to 5 m depth, and plants
grow to be 0.3 to 0.6 m tall régardless of the depth at which théy are
found. All plants can be cbserved to start growth from rhizomes in

mid-June. Reproduction is by vegetative propagation until September,

at which time each plant dies back to a tuber-like rhizome formed in

the sediment at the base of the plant, Rhizomes are formed at all
depths at approximatély the same time. Plants growing at 1 tc 2 m
depth do not reach the surface except for fraglle flower stalks
developing from the base of the plant in mid-August, Seeds are formed
but their viability i{s unknown (Arber, 1920). Plants growing at depﬁhs
greater than 1 m never flower. There is no production during the

winter.

Najas flexilis

- This species grows in 1 to 7 m of water in Lake George, and plants
grow less than 4.3 m tall regardless of depth. They do not propagate

vegetatively, but develop from seeds which germinate in late June,



Plants fruit {n late August, producing several dozen seeds per plant,
Theae plants never reach the surface. Fruiting occurs at approximately
the same time regardlesas of the depth at which they are growing.
Shortly -after fruiting the plants die.

Thege four groups'were selected 88 representing most types of gubmergent
macrophyies found in the north temperature zone of the U.S. By |
modeling all four groups, we are assured of a general model capable of
predicting macrophyte dynamics under diverse conditions. The model
provides exténsive flexibility not possible in modeling a single
species under rather predictable physiological conditions. Modeling
considerations have been given to morphological changes influenced by
depth,.including alterations in fruiting habitsj possibility for con-"
tinuous photosynthefic activity unbounded by seasonal chauga;‘and
sadiment prefefence of the macrophyte in question. Exteunsive data on
distributional batterns and physiological rates under varying environ-'
mental conditiéns have been obtained for Lake George. These data will

permit both calibratfon and validation of the model,
FORMULATTION OF THE MODEL

Net growth of macrophytes can be considered in terms of the inter-
actions amomg several physiological processes. In our conceptualization,
the macrophyte is treated as a whole, not differentisted into leaves,.

stem, and labile carbohydrates as proposed for Myriophyllum spicatum

by Titus et al,, (1972). The special processes involved in the pro-

duction of overwintering material are treated separately, and their



c£fcato are included in the equations for predicting plant growth:

dBM = P - (R +E + M+ SL +G) [1]
dt

where %%ﬁ is the rate of change of total living macrophyte biomass
with respect to time, Gross primary productivity (P) proﬁides energy
and reduced carbon for growth; loss terms include respiration (R),
excretion (E), mortality (M), sloughing (SL), and grazing (G).

The differential equation for predicting the growth of over-

wintering material is:

dBW = F + § [2]
ac

where BW is the‘overwinteting biomass, F represents fruit preduction,

and § describes rhizome or winter bud production,

Primary productivity

Growth through primary production is a function of nutrient con-
centration and light (UT), temperature (TEMP), substrate preference
(SUB), water velocity (WIVL), fruiting, rhizome or winter bud produc-
tion, and biomass. It is defined as:

P = PMAX * Up * TEMP % SUB * WIVL * BM - (F + §) [3]
where PMAX is the maximum growth rate possible at optimum conditions
and is modified by reduction factors to correct for non-optimal condi-
tions. The effect of nutrients on photosynthesis utiliges saturation

kinetics:

Ui = i;iifgz ) [Q]

where Sy 1é(nutrient concentration and Ki is the half.gsaturation con-

stant, This construct 1is commonly used for nutrient limitation in




phytoplankton models (Chen, 1970; Ditoro, 0'Comnor and Thomann, 1971:
Part, et al., 1974). The nutrients initially considered to be possible
limiting factors are orthophoaphate,‘nitrate and ammonia, and inorganic
carbon., Limitation due to micronutrients could be taken into account
by this function as well.

The light limitation term is that of Steele (1965):

I .
g1 . o
I, le B2 -[Is * Fg
Up = 2.72 % ¥B} {T; * FP -e [s]
-]
. El * z .

where limitation is based on the effective light intensity defined by
the photbperiod (FP), the incident éolar radfation (I,), saturating
light intensity (I4), depth of water column (Z), and the corrected
extinction coefficient (E'). E' is considered as thé sum of extinc-
tion due to the water plus a linear function of defractive biomass:
E' @ E+ (L % Bm) + (X * BD) + (Y * BE) [6]

vhere E is the extinction coefficlent of water, and L, X, and Y
relate the increase in light extinction to macrophyte (BE), seston
(ﬁD), and epiphytic biomass (BE) respectively.

The construct used to mimic the interaction of limitation due to
nutrients and light, developed by Bloomfield, ££|£l {(1973) and described

by Scavia and Park (1975) is:

o= 7]
e
R |

where UT describes the total effect of the individual limitation fac- -

Up =

tors (U,;) given above.



The effect of temperature on photosynthesis is assumed to be
universal, although the magnitude of the effect at a given tempera-
ture is species specific. Maximum photosynthesis will proceed at
some optimum temperature (TOPT) and at a linear rate under gsub-optimal
temperatures defined by QIO’ the change in rate due to 2 10° change in
temperature, Phbtosynthesis wili cease at some maximum temperature
(T¥AX). In equation 8 the average water column temperature is expressed
ag T. The empiriéal relation describing this function was developed
by Shugart et al., (1974), with a slight modificsation suggested by
Bloomfield et al., (1973) and described fn detail by Scavia and Park
(1975):

XX -v)
TEMP w V e

where:

o TMAX - T
TMAX < TOPT

X ~[ﬂ2 Q +mﬁq)2]/400 [a]

v

The substrate upon which the macrophyte -1s growing is considered
in a function that designates optimal growth on preferred substrates
and sub-optimal growth on others. A large number of in situ observa-
tions of macrophyte growth habits in Lake George have allowed consi-

deration of this funciion (Sheldon, Soylen and Park, 1975):
- | soer - sen | B [9]
SUL = e

vhere SOPT represents the optimum grafn size for the species in quese

tion, SED is the observed grain size (site specific), and B 1s an empirical

N



coefficient.

A function to express the effect of water velocity, WIVL, is
included to represent replenishment of nutrient supply around the
leaves of the attached plant (Titus et al., 1972):

. WIVL = KWV * WATVEL | [1o]
where KWV is a coefficient used to relate nutrient supply (and thus
productivity) to water velocity (WATVEL). | |

The fruiting process, either in terms of the production of seeds
or shoots for overwintering, will be at the cost of primary productivity
because of the transfer of energy and reduced carbon from production
to fruiting. The formulation of fruit production is as follows:

Fw=8, (FP) *5; (T) *8; (BM) * FR* P [11]
This equation is controlled by a number of switch functions (Si); A
2 switch will equal 1 when conditions are favoresble and 0 when con-
ditions are not favorable. The switches are used to predict biological
changes in the physiology of the plant (i.e., frﬁiting when environ-
mental conditions are met). The envirommental criteria include photo-
peiiod, water temperature, and macrophyte biomass. A species-specific
function relating plant biomass and-average height is used to determine
whether or not the plant has reached the surface, at which time
fruiting will take‘pléce. |

It is assﬁmed that the amount of plant biomass preasent when fruiting
begins will produce a physiologically-determined amoﬁnt of fruit.
Initiation of fruiting is based on the above switches and is specific

for a given species, fruiting will continue at a rate (FR) proportiocnal



to the photosynthetic rate (aince fruit production 1s based on avail-
able carbon produced through photosynthesis) until the given amount of
fruit is produced,

The production of rhizomes or winter buds will be governed by
switch functions similar to those in equation 11: _

S=8; (FP) %S, (1) %S, (W) *SR*P [12]

The switches for photéperiod and temperature are the same as for
fruiting; however, the opposite is true for plant height, This is
construed to produce overwintering material in the form of rhizomes
or winter buds for the situation where ali envirommental criteria are
met, but where the plant has not grown to the surface, thus pre-

cluding fruiting (except in Najas flexilis). The relationship

between rhizome or winter bud production and photosynthetic produc~

tion is given as SR.

Regpiration

The loss of blomass due to respiration is thought to be a function
of blomass and temperature and is expressed as:
R = KR * BM * TEMP [}3]
The maximum respiration rate at optimum temperature (KR), again species
specific, is.corrected for non-optimal temperatures as described in

equation 8 above,

Excretion
The loss of biomass through excretion is related to the respira-

tory by-products, It is predicted by the equation:



E=KE * R | [14]
where KE represents the relationship between respiration and excretion
and is the fraction of biomass "wasted" during respiration. The

regpiratory leoas of biomags is given in equation 13.

Mortality

Natural or non-predatory mortality is considered to be the physio-
logical death of the whole plant and is related to 3 basic functions ~«
intrineic death, temperature, and physiological processes such as
frufting: |

: M = (KMh* BM) » ,(T-TCRIT) fn (F or §) [}?]
T

The physiological vigor of the plant is assumed to be & function
of nutrient and light availability. As the condit{ons for growth
become poor thé limitation term, Up, becomes small and the intrinsic
mortality (KM) is increased, When the water column temperature
surpasses the critical temperature (TCRIT), there is an exponential
increase in mortality, The fruiting processes, which dramatically
reduce the vigor of the plant as the fruita mature, alsp add to plant
"die-back'. The effect of production of overwintering material on
mortality i{s modeled to increase exponentially with time, beginning at

the start of fruit, rhizome, or winter-bud production (tx):
fn (For 8) = KF (E-tx) ; t> tx

| | [1¢]
1 < tx

and ending when the overwintering biomass is reached (see above).

KMF is the rate constant relating this factor to the overall mortality

1}
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texrm and t is time,

Sloughing

Sloughing is'defétéined by'; relation ﬁetweén the leaf area index
(LAT) and the opﬁfﬁuﬁlleafﬁsufface area (LOPT), ;’;ﬁecies‘specific
paremeter, LAI can'be‘experiméﬁtally determined bylféiating leaf sur-
face area to the corresponding area of sediment surface and reducing
" 1t to a function of plant bioﬁésa. Slbugﬁing will not occur when the
leaf area index is less than the ‘pptimum; when LAY exceeds LO®PT,
sloughing will occ;r at some basgl_rate (KS)‘mndified by the amountl
the optimum is exceeded:. |

SL = (LAL-LOPT) * K5 * BM 17

Grazing -

Pfedatéry'mortaiify or griéing, is eﬁﬁiéioned as a function of
macrophyte biomass as well as 8 function of the various herbivores
such as fish, ducks, and macro-invertebréﬁéﬁ} iﬂié”:efm is seen as
minor at this stage of model develbpment,-bht piéns for‘experimentai

determination of their effects are in progress.
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DISCUSSION

This modei has been designed to mimic the general physiological
respoﬁses of submergent aquatic vascular plants, Four species with
considerable dissimilarities in these reséonses have been chosen for
model calibration and validation. Data collection since 1972 ineclude
measurements on physiology, morphology, and ecology of these species
growing in the littoral zone of Lake George. Biomass determinations
(g DWt/mz) have been made over a 0 to 9 w transect in 2 bays -- in the/
southern and northern basins of Lake George,.respectivaly. Measure~
ment of photosynthetic rates under envirommental conditions, tempera-
ture optima and maxima, light saturation, effect of water velocity
and sloughing, have been made for each species as well as many obaser-
vations om fruiting and propagation habits, depth and sediment pre-
ferences, and the relationship between plant leaf aréa 1ndex,ibiomass_
and height.' Experimenta to'mgasure nutrient concentrations in the
sediment of macrophyte beds, nutrient uptake kinetics, and respifatlon
and ekcretion rates by the plants are curréntly being completed..

At preseant we have chosen to reduce gross prtmary'ﬁroductivity
(Eq. 1) by losses dﬁe to respiration, excretion,mbrtality; sloughing
and grazing. The production of a 1aBilg cérbohydr‘te pool or photo~
synthate is not incorporated into this model a§ it is {n other pro~
duction models (Titus, et glgf 1972;‘Shugart, et al., 1974) because
in its eimplicity the model is designed only to simulate growth. As model
implementation proceeds, incorporation of photoayﬁthate production may

become advantageous. -
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